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ABSTRACT
The need for rapid construction or replacement of highway bridge decks can be addressed by
precast concrete elements reinforced with Glass Fiber Reinforced Polymer (GFRP) bars with
cast-in-place joints made using Ultra-High Performance Concrete (UHPC). This thesis
investigates the bond between GFRP bars and UHPC and splice length optimization to obtain
narrow joints and simplified bar geometries. Multiple linear regression analyses of existing
bond data indicate that the bar’s Young’s Modulus and embedded length are the most
significant parameters that influence the average bond strength of sand-coated GFRP bars in
UHPC: increasing either decreases the average bond strength. Linear-elastic uncracked Finite
Element analysis of pull-out specimens indicates that reinforcing bars with low Young’s
Moduli have highly non-uniform bond distributions along their length and so exhibit high
peak bond stresses and low average bond strengths. The higher average bond strengths
observed for High Modulus (HM) GFRP bars compared to Low Modulus (LM) GFRP bars is
likely because the HM GFRP bars have lower interlaminar shear strength. A methodology for
GFRP reinforcement design that synthesizes provisions from the Flexural Design Method in
the Canadian Highway Bridge Design Code including an additional new step to determine
bar splice lengths in UHPC was developed. Splice lengths and bond resistance factors for
HM GFRP bars in UHPC are determined by reliability analysis to resist either bar stresses
due to the factored applied moments or the mean ultimate tensile strength of the bar. A
significant reduction in splice length can be achieved if splices are designed to resist the bar
stresses at factored applied moments. A new resistance factor of 0.5 for bond of GFRP bars
in UHPC is also recommended.

Keywords
Glass Fiber Reinforced Polymer (GFRP) bar, Ultra-High Performance Concrete (UHPC),
bond, splice length, Flexural Design Method
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1 INTRODUCTION
1.1 OVERVIEW
Concrete bridge deck replacement is a major cost component of bridge repairs. These
repairs are often necessitated by the corrosion of steel reinforcing bars. There is therefore
a need to improve durability of bridge decks to reduce frequency of repair and
replacement. Glass Fiber Reinforced Polymer (GFRP) reinforcing bars provide a solution
due to their non-corrosive nature.
The replacement of existing bridge decks usually causes traffic congestion, partly due to
time needed for concrete cast in-situ to develop adequate strength. There is therefore the
need to accelerate concrete bridge deck construction and replacement to reduce such
congestions. Precast panels with in-fill joints offer a potential solution since they
markedly reduce the quantity of concrete cast in-situ.
Figure 1.1(a) shows a typical Normal Strength Concrete (NSC) in-fill joint in a bridge
deck with precast panels and steel reinforcing bars. These joints are often complex
because many bars must be threaded through the loops of the hair-pin bars and have been
shown to be susceptible to fatigue damage (e.g. Perry and Weiss 2010 and Graybeal
2010). The joint may be up to 600mm wide (Perry and Weiss 2010) so that the
reinforcing bars can develop adequate bond resistances. Figure 1.1(b) shows a typical
Ultra-High Performance Concrete (UHPC) in-fill joint with GFRP bars as the top
transverse reinforcement and steel bars for all other reinforcement, as used in the CN
Overhead Bridge on Ontario Highway 11, near Rainy Lake (Perry and Weiss 2010). This
joint is 210mm wide and has straight lapped bars with a single bar along the joint. The
reduced width and simplified geometry is attributable to the enhanced compressive and
tensile strength of UHPC, which result in a greater bond resistance (e.g. Graybeal 2010).
UHPC in-fill joints as narrow as 100mm were also shown to be able to sustain the
required number of cycles with the maximum allowable steel reinforcement stress
specified by the Swedish Bridge Design Code (Harryson 2003).
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Normal Strength Concrete Joint

Concrete Precast Panel

600mm

Steel Reinforcing Bar

(a)

UHPC Joint

Concrete Precast Panel

210mm

GFRP Reinforcing
Bar

Steel Reinforcing Bar

(b)
Figure 1.1 – Typical In-fill Joints between Precast Panels: (a) Normal Strength Concrete
(after Harryson 2003); (b) UHPC (after Perry and Weiss 2010)

There are however currently no design provisions to determine required splices lengths of
steel or GFRP bars in UHPC. An excessively short joint may result in failure due to
inadequate bond: such a failure mode is usually not desired due to its brittle nature.
Glass Fiber Reinforced Polymer bars are commonly available as Low Modulus (LM) and
High Modulus (HM) bars. The HM GFRP bars are preferred in bridge construction
because they result in narrower crack widths and lesser deflections for a given
reinforcement ratio. Both GFRP bar types have lower average bond strengths than steel
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bars, due to their lower Young’s Modulus (Mosley et al. 2008, Newman et al. 2010).
Investigating this relationship will lead to a better understanding of bond behaviour of
GFRP bars in UHPC, and thus enable narrower joint widths to be designed rationally.
It is conventional to design splices to develop the ultimate tensile strength of the bar (e.g.
CSA 2006a). Given the high ultimate tensile strength of HM GFRP bars (>1000MPa)
(Schoeck 2010, Pultrall 2011a) and their low average bond strength, designing UHPC
joints conventionally to resist the ultimate tensile strength of the bar will lead to very
wide joints. Design methods that minimize the joint widths must therefore be sought.
Actual bar stresses at failure may be markedly less than the ultimate tensile strength of
the FRP bar, particularly if crack control governs at Serviceability Limit States (SLS).
Splice lengths may thus be designed based on the actual bar stresses at failure to reduce
joint widths.
S6-06 (CSA 2006a) permits two methods to design FRP reinforcement in concrete deck
slabs, Empirical and Flexural, but does not provide definite procedures to be followed in
either case. Developing such procedures which include the design of GFRP splices in
UHPC joints will streamline the design process for GFRP-reinforced precast panels with
UHPC in-fill joints, especially for the Flexural Design Method which requires many
provisions to be satisfied.
1.2 OBJECTIVES
The geometric complexity and width of cast-in-place joints between precast concrete
bridge deck panels is strongly dependent upon the bond between the reinforcing bar and
the in-fill concrete. Knowledge of bond capacity is therefore necessary to optimize
UHPC in-fill joints between GFRP-reinforced precast bridge deck panels to achieve
narrow joints widths and simple bar arrangements.
The objectives of this research are therefore as follows:
1. To critically review recent research concerning the bond characteristics of GFRP
bars in UHPC.
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2. To conduct a sensitivity analysis of the bond stress distribution and thus the
average bond strength for steel and GFRP bars in Normal Strength Concrete and
UHPC.
3. To develop standard procedures to design GFRP-reinforced bridge decks with
precast panels and UHPC in-fill joints.
4. To develop reliability-based splice design methods based on either the actual bar
force corresponding to factored loads or the ultimate tensile strength of the GFRP
bar.
1.3 THESIS OUTLINE
Chapter 2 presents a literature review of research by others related to the research
objectives.
Chapter 3 presents the results of an analytically based sensitivity analysis to determine
the influence of the reinforcing bar Young’s Modulus, the modular ratio, and other
parameters on the bond stress distribution and the average bond strength.
Procedures to design UHPC in-fill joints between precast panels are presented in Chapter
4, including reliability-based splice design methods.
Chapter 5 presents a summary of the research conclusions and recommendations for
future investigations.
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2 BOND OF STEEL AND GFRP BARS IN UHPC
2.1 INTRODUCTION
It was established in Chapter 1 that the quantification of bond strength of Glass Fiber
Reinforced Polymer (GFRP) bars in Ultra-High Performance Concrete (UHPC) is
necessary to optimize splice lengths in UHPC in-fill joints between precast bridge deck
panels. A critical literature review of topics necessary to analyse and quantify the bond
strength of GFRP bars in UHPC is therefore presented in this chapter. They include:
1. Properties and composition of UHPC.
2. Properties of GFRP bars.
3. Bond transfer mechanisms and failure modes for GFRP and steel bars in
concrete.
4. Factors that change the bond failure modes of deformed GFRP or steel bars.
5. Average bond resistances and the principal factors that influence the bond
resistance of undeformed GFRP bars in UHPC.
The material properties of UHPC and GFRP are discussed in Section 2.2. Section 2.3
presents bond transfer mechanisms, failure modes and existing design recommendations
and identifies factors that change the bond failure mode.

A regression analysis of

average bond strength data for GFRP bars in UHPC is presented in Section 2.4. The
major findings of this literature review are summarized in Section 2.5.
2.2 PROPERTIES OF NEW MATERIALS
2.2.1 Ultra-High Performance Concrete (UHPC)
UHPC is composed of Portland Cement, fine sand, silica fume, ground quartz, steel
fibers, water and high range water reducer, as shown in Table 2.1 (Graybeal 2006 and
Ahlborn et al. 2008). The granular particle sizes are optimized to obtain a homogeneous
concrete mix with optimized packing of constituents. The functions of the various
components discussed herein were obtained from Graybeal (2006) and Ahlborn et al.
(2008).
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Portland Cement is the primary binder with average particle size diameters of 15μm. It is
27-38% of UH C’s composition by weight, unlike NSC where it is typically 9-18% (e.g.
Andersen 2006). Fine sand is the largest granular material in UHPC with diameters
between 150-600μm. It is the largest constituent of UHPC by weight, typically 39-41%,
compared to a typical proportion of 23-35% in NSC (e.g. Andersen 2006). UHPC has no
coarse aggregate, unlike in NSC where coarse aggregates make up 33-35% of the mix by
weight (e.g. Andersen 2006). Silica fume is the smallest particle in UHPC with a
diameter of 0.2μm. It contributes to the high strength due to its pozzolanic reactivity with
the calcium hydroxide by-product in concrete mixes and also increases UH C’s ability to
flow due to its spherical nature. Silica fume reduces the permeability of UHPC by filling
up the tiny pores in its microstructure. Ground quartz has a particle diameter of 10μm.

Table 2.1 - Typical UHPC Composition (Graybeal 2006 and Ahlborn et al. 2008)
Material
Portland Cement
Fine Sand
Silica Fume
Ground Quartz
Steel Fibers
Water
High Range Water Reducer

Size
15μm
150-600μm
0.2μm
10μm
0.2mmx12.7mm
-

Percentage by weight
27-38
39-41
8-9
0-8
5-8
5-8
0.5-1.0

Steel fibers are dimensionally the largest constituent in a typical UHPC mixture. The
fibers in Ductal UHPC are 0.2mm in diameter and 12.7mm in length (Ahlborn et al.
2008). They improve the tensile strength and fracture energy if aligned with applied
tensile forces by acting as reinforcement at the micro level. Their presence reduces crack
widths, which further reduces permeability.
The water-cementitious materials ratio of UHPC may range between 0.13-0.30, which is
markedly less than the typical range of 0.35-0.65 in NSC (Andersen 2006). High range
water reducer improves the workability of UHPC and reduces its permeability by
reducing the quantity of water required to obtain a workable mix.
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Table 2.2 gives typical material properties of UHPC and NSC as obtained from Graybeal
(2006), Ahlborn et al. (2008) and CSA (2004). The compressive strength, fc’ of UH C is
3-10 times the strength of NSC, which is 20-40M a, and its Young’s Modulus is about
twice that of NSC. The Young’s Modulus may be computed for UH C as 3850√fc’
(Graybeal 2006) while that of normal-density NSC may be computed as 4500√fc’ (CS
2004). The splitting tensile strength of UHPC is about four times that of NSC. Ultra-high
performance concrete has a fracture energy over 100 times that of NSC and a slightly
higher oisson’s Ratio than NSC. Both concretes have the same ultimate compressive
strain, 0.0035.

Table 2.2 - UHPC and NSC Properties
Properties
NSC
UHPC
Compressive Strength(MPa)
20-40
120-200
Split Cylinder Tensile Strength (MPa)
2.5-3.1
9.0-11.7
Modulus of Elasticity (GPa)
20-28.5*
42.8-52.8
2
Fracture Energy(Nmm/mm )
0.1-0.15
10-40
oisson’s Ratio
0.11-0.21 0.19-0.24
Ultimate Compressive Strain (εcu)
0.0035
0.0035
*Values are for concrete with density of 2300kg/m3

Figure 2.1 shows typical stress-strain curves for UHPC and NSC at the ages of 28 days
after casting. Ultra-high performance concrete has a more linear response than NSC. It is
essentially linear-elastic/brittle, with no descending branch. The higher compressive
strength and Young’s Modulus of UH C in comparison to NSC and their common
ultimate compressive strain are clearly shown.
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Figure 2.1 - Typical Stress-Strain Curves for UHPC (Graybeal 2006) and NSC
(GangaRao et al. 2006)

2.2.2 Glass Fiber Reinforced Polymer (GFRP) Bars
Glass Fiber Reinforced Polymer (GFRP) is a fiber-composite material made of glass
fibers embedded in a polymer resin. Other Fiber Reinforced Polymers (FRP) may have
carbon or aramid fibers. The GFRP bars of current interest are those manufactured by
Schoeck and Pultrall since they are widely used in Canada (e.g. Benmokrane et al. 2006,
Benmokrane et al. 2007a, Benmokrane et al. 2007b, Eisa et al. 2008). Limited bond data
for such bars in UHPC are available (e.g. Weber 2009, Hossain et al. 2011).
Figure 2.2 shows a grooved Schoeck Combar and a sand-coated Pultrall V-ROD bar.
Both are manufactured by the pultrusion process, using vinylester resins (Pultrall 2007,
Schoeck 2010). The fibers are aligned longitudinally giving the bar a high tensile strength
and stiffness in that direction (Schoeck 2010). The resin holds the fibers in place,
distributes loads and protects the fibers from damage. The common grades available for
GFRP bars are Low Modulus (LM) and High Modulus (HM).
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Pultrall V-ROD,
Sand-Coated

Schoeck Combar,
Grooved
Figure 2.2 - HM GFRP Bars

GFRP bars are non-corrosive and this saves construction costs associated with the use of
corrosion inhibitors and membranes (Schoeck 2010). GFRP bars are also light, making it
possible to transport more bars at a time and thus reducing transportation costs (Pultrall).
Handling of GFRP bars is also easier compared to steel bars, which may reduce
construction time (Schoeck 2010). Sand-coated bars may require more careful handling,
however, to preserve the sand-coated surface.
Table 2.3 compares the properties of steel, LM and HM GFRP bars as obtained from
Schoeck (2010), Pultrall (2011a), Pultrall (2011b), Newman et al. (2010) and MacGregor
and Bartlett (2000). GFRP has higher ultimate tensile strengths than mild steel and a
Young’s Modulus, E, that is a third to a fifth that of steel. GFR -reinforced beams with
the same flexural reinforcement areas as steel-reinforced beams therefore undergo larger
deformations and develop larger crack widths after flexural cracking. Presently, GFRP
manufacturers can produce a stiffer material with a Young’s Modulus that approaches
60GPa. The specified higher Young’s Modulus of 60GPa for HM GFRP bars is therefore
partially obtained by providing a bar area, Ab, higher than the nominal area to obtain an
equivalent rigidity (e.g. Pultrall 2011a, Pultrall 2011b); i.e. the AbE for bar with an area
larger than nominal bar area equals the AbE for an equivalent bar with the nominal bar
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area and a Young’s Modulus of 60G a. GFR develops lesser strain at failure, typically
one tenth or less than that of steel, has a slightly lower oisson’s Ratio and a density that
is less than a third that of steel.

Table 2.3 - Steel and GFRP Bar Properties
Property
Tensile Strength (MPa)
Yield Strength (MPa)
Young's Modulus (GPa)
Strain at Tensile Failure
Poisson's Ratio
Density (kg/m3)

Steel
530-700
300-400
200
0.20-0.28
0.3
7850

LM GFRP
680-870
45
0.015-0.019
0.21-0.28
2200

HM GFRP
1000-1300
60
0.017-0.022
0.25-0.28
2200

Figure 2.3 gives typical stress-strain relationship for GFRP and steel bars. The GFRP bar
is linear elastic until failure, whereas steel yields and strain hardens. The lower Young’s
Modulus and lower ultimate tensile strain of GFRP bars in comparison to steel bars are
evident.
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Figure 2.3 - Typical Stress-Strain Curves for GFRP (Pultrall 2011b, Schoeck 2010) and
Steel Bars (MacGregor and Bartlett 2000)
2.3 MECHANICS OF BOND TRANSFER AND BOND FAILURE MODES
2.3.1 Deformed Bars in UHPC and NSC
Figure 2.4(a) shows the forces acting on the surface of a single deformed steel bar in
concrete subjected to a tensile force and the corresponding bar force and bond stress
distributions. The bond stresses are due to adhesion, friction and mechanical interlock
(MacGregor and Bartlett 2000, ACI 408 2003, Lee et al. 2007, Baena et al. 2009). Bond
transfer through adhesion is due to chemical bonding at the concrete-reinforcing bar
interface. Bond transfer through friction is a result of interaction between the bar surface
and concrete when the bar slips and bond transfer through mechanical interlock occurs
due to bearing of the reinforcing bar deformations on the surrounding concrete.
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Frictional Forces
Reinforcing Bar
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Frictional Forces
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Figure 2.4 (a) - Bond Transfer in Single Deformed Bars and Corresponding Bond Stress
Distribution and Bar Force Distribution (After ACI 408 2003)

Concrete

Splitting
Stresses
Reinforcing
Bar

Radial Forces Transferred at Bar
Deformations
Figure 2.4 (b) - Radial Forces on Concrete
and Splitting Stresses Shown on a Section
through the Bar (After MacGregor and Bartlett, 2000)
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Figure 2.4 (c) - Bond Transfer in Spliced Deformed Bars and Corresponding Bond Stress
Distribution (After ACI 408 2003, Esfahani and Rangan 1998)(Only bearing forces are
shown)
Adhesion and friction are quickly lost in deformed bars when they are loaded
(MacGregor and Bartlett 2000). Deformations bear against concrete to transfer forces, as
shown in Figure 2.4(a). The radial component of the mechanical interlock force creates
tensile splitting forces in the concrete as shown in Figure 2.4(b). Load transfer and thus
bond stress is highest at the loaded end and least at the unloaded end of reinforcing bars,
as shown in Figure 2.4(a).

bar with infinite Young’s Modulus will have an infinite

modular ratio, n, i.e. n=Eb/Ec=∞ where Eb and Ec are the Young’s Modulus of the bar and
the concrete respectively. Such a bar would be expected to transfer load uniformly along
the embedded length resulting in a uniform bond stress distribution. The bond stress
distribution will therefore become less uniform with a higher peak bond stress at the
loaded end as the modular ratio decreases. This is explored further in Chapter 3.
Figure 2.4 (c) shows spliced deformed bars under tensile loading in a concrete matrix and
the corresponding bond stress distribution. Bond forces acting on spliced bars are similar
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to those acting on single bars. The concrete between bars is in compression, although
other concrete surrounding the splice but not between the bars is in tension. Only the
mechanical interlock forces are shown to emphasise that concrete between splices is in
compression. Bond stresses are highest at the spliced ends and least at the middle of the
splice. This is confirmed by the failure pattern observed in spliced steel bars in NSC,
where concrete splitting initiates at the splice ends and propagates towards the middle
(ACI 408 2003).
Bond failure modes can be classified as pull-out or splitting. Pull-out failures involve loss
of bond due to adhesion and friction at the bar-concrete interface or the loss of bond
between the interlaminar layers of the bar i.e. interlaminar shear failure. Interlaminar
shear failure of a bar occurs only in FRP bars since they are a composite material, unlike
steel which is homogeneous. Splitting failures feature concrete splitting primarily due to
radial forces applied by the bar deformations. They are unlikely to occur if no bar
deformations are present.
2.3.1.1 Splitting Failures
A simplified idealization of Figure 2.4(b), where the splitting stresses are assumed to
vary linearly on each side of the bar, for a bar diameter db and a concrete cylinder radius
c, yields the following equation for the average bond strength, ū (MacGregor and Bartlett
2000):
[2.1]

c

1

ū= 0.5√fc’( - )
db 2

The tensile splitting strength is assumed equal to 0.5√fc’ in the derivation of Equation
[2.1], since tensile strength is often assumed proportional to the square root of the
concrete compressive strength. Thus when a bond splitting failure occurs, ū depends on
the concrete tensile strength.
The cover thickness or bar spacing can cause a change in failure mode (ACI 408 2003).
Figure 2.5 presents typical splitting failure patterns in a reinforced concrete beam. The
side and bottom covers are represented by cs and cb, respectively, and ccs is the clear
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spacing between the bars, as shown. Smaller values of cs, cb and ccs mean cracks have less
distance to propagate to other bars or to the concrete surface, resulting in splitting failures
at lower loads. Conversely, larger values of cs, cb and ccs prevent cracks from propagating
to other bars or to the concrete surface and so can change the failure mode from splitting
to pull-out. Transverse reinforcement increases the splitting load capacity by preventing
splitting bond cracks, as shown in Figure 2.5(a) and 2.5(b), from propagating to the
concrete surface.

cb
ccs

cs
Splitting
Crack
(a)

Concrete
(b)

Reinforcing Bar

Transverse
Reinforcement
(c)

Figure 2.5 - Typical Splitting Failures in Reinforced Concrete Beams (After MacGregor
and Bartlett 2000)

Even though bond stress distributions are non-uniform along the embedded length, bond
strengths are often quantified using average values of stresses at failure. The average
bond strength, ū, for a given embedded length le is
[2.2]

ū=

R
db le

where R, the bond failure load, is
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[2.3] R=
and

db
4

2

is the bar stress at the loaded end of the bar. Eliminating R in Equation [2.2] using

Equation [2.3] yields
[2.4]

d

ū = 4l b
e

2.3.1.2 Design Provisions for Bond in NSC
As previously noted, bond strength is proportional to the tensile strength of concrete,
which is often assumed to be also proportional to the square root of concrete compressive
strength. In design codes ACI 318-08, A23.3-04 and S6-06 (ACI 318 2008, CSA 2004,
CSA 2006) the bond strength for deformed steel bars in NSC is therefore proportional to
the square root of compressive strength. Bond strength is also proportional to the square
root of compressive strength for both deformed and sand-coated FRP bars in NSC
according to the ACI 440.1R-06 Report (ACI 440 2006). ACI 408R-03 (ACI 408 2003)
indicates that bond strength for steel bars in NSC is mainly dependent on the fracture
energy of the concrete, not the tensile strength, and so the bond strength should be
proportional to the fourth root of compressive strength. The equations in ACI 318-08,
A23.3-04, S6-06 and ACI 440.1R-06 therefore agree that bond strength is directly
proportional to the tensile strength of concrete, whiles ACI 408R–03 suggests a more
complex relationship.
2.3.2 Sand-Coated Bars in UHPC and NSC
Bond transfer is by adhesion and friction for sand-coated bars (Baena et al. 2009).
Adhesion is improved by the rough sand-coated surfaces (Baena et al. 2009).
2.3.2.1 Pull-out Failures
Bar-concrete interface failure occurs before interlaminar bond failure when the
interlaminar shear strength exceeds the bar-concrete interface bond capacity and vice
versa. Interlaminar shear failures are more frequent in concretes with high compressive
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strengths because the bar-concrete interface pullout capacity exceeds the interlaminar
pull-out capacity. Conversely, bar-concrete interface failures are more frequent in
concretes with low compressive strengths, because the bar-concrete interface pull-out
capacity is less than the interlaminar pull-out capacity. The bar-concrete interface pullout strength may be obtained analytically using equations in Hull and Clyne (1996).
Baena et al. (2009) observed bar-concrete interface failure for sand-coated LM GFRP
bars in 29MPa concrete and interlaminar pull-out failures for identical bars in 52MPa
concrete. Lee et al. (2008) concluded from pull-out tests of sand-coated LM GFRP bars
that bond failure occurred primarily at the bar-concrete interface for specimens with
concrete compressive strengths of 26MPa and primarily within the interlaminar layers of
the GFRP bar for specimens with concrete compressive strength of 92MPa. Perry and
Weiss (2010) observed interlaminar failures for pull-out specimens of sand-coated GFRP
bars in UHPC with compressive strength of 140MPa. Similarly Hossain et al. (2011)
observed interlaminar failures for pull-out, beam and slab beam specimens for sandcoated LM and HM GFRP bars in UHPC with compressive strengths exceeding 100MPa.
2.3.3 Influence of Concrete Compressive Strength and Bar Surface Characteristics on the
Average Bond Strength
As concrete compressive strength increases, average bond strength increases for steel
bars in NSC (ACI 408 2003, Baena et al. 2009) and for deformed GFRP bars in NSC if
bar-concrete interface pull-out failure occurs (e.g. Baena et al. 2009). In experimental
pull-out tests involving deformed LM GFRP bars carried out by Baena et al. (2009), the
average bond strength in concrete with a compressive strength of 52MPa, was found to
be an average of 1.57 times greater than that of similar specimens with a concrete
compressive strength of 29MPa The average was obtained from a total of 30 specimens.
Steel bar deformations are normally characterised by the relative rib area, R r, (ACI 408
2003) given as
[2.5] Rr =

r

psr
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where Ar is the projected rib area normal to the bar axis, p is the nominal bar perimeter
and sr is the center-to-center rib spacing. Tests of uncoated steel bars in concretes with
compressive strengths up to 70MPa show that increasing the relative rib area increases
the splice strength only when transverse reinforcement is present (ACI 408 2003), likely
because it restrains the propagation of splitting cracks caused by the larger bearing forces
developed.
Figure 2.6 shows a grooved FRP bar with the concrete and FRP lug widths, wc and wf,
respectively. The center-to-center concrete (or FRP) lug spacing is wc+wf. For 8-16mm
diameter bars, wc may range from 3.6 to 4.25mm and wf from 4.75 to 5.40mm (Baena et
al. 2009). Deformations on grooved FRP bars may be quantified by the Concrete Lug
Ratio (CLR) (Baena et al. 2009), defined as:
w

[2.6] CLR = w cw
c
f
For 8-16mm diameter bars, CLR may range from 0.400 to 0.472. An increase in CLR
results in an increase in the bond strength in NSC (Baena et al. 2009).

lug spacing

wf

wc

Figure 2.6 - Grooved FRP Bar

2.3.4 Comparison of Average Bond Strengths of Deformed Steel and GFRP Bars in
UHPC
Average bond strengths of steel bars are greater than those of GFRP bars in a given
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concrete, even when deformations are present on the GFRP bars (e.g. Harryson 2003,
Mosley et al. 2008, Baena et al. 2009, Newman et al. 2010, Graybeal 2010, Weber 2009).
The average bond strength of LM GFRP bars has been estimated to be 40-100% that of
steel bars in NSC (Newman et al. 2010).The lower average bond strength of GFRP bars
has been attributed to its lower Young’s Modulus (Mosley et al. 2008, Newman et al.
2010). This implies that the average bond strength of bars with low Young’s Modulus
will be less than that of bars with high Young’s Modulus. No investigation has been
conducted to verify this assertion, however. Data readily available for LM and HM GFRP
bars may be analysed to verify if the average bond strength decreases as the Young’s
Modulus of a bar decreases.
2.4 REGRESSION ANALYSIS OF BOND STRENGTH DATA OF GFRP BARS IN
UHPC
Several parameters influence the average bond strength of reinforcing bars in a given
concrete. Multiple linear regression analysis of bond data obtained from different
investigations by others is therefore presented to determine the significant parameters that
influence the average bond strength of a GFRP bar in UHPC and also to determine the
effect of Young’s Modulus on the average bond strength. A student’s t-test (e.g.
Keselman and Algina 2010) was used for the analysis.
Table 2.4 summarizes 125 bond strength tests of GFRP bars in UHPC. Different test
types, bar types, bar Young’s Modulus, bar diameter, embedded length, covers and
compressive strengths of UHPC were investigated. Tests involving precast panels with
cast-in-place UHPC joints, of particular interest in this research, were conducted by
Hossain et al. (2011), but are not included herein because the specimens failed in shear
and so the potential average bond strengths at the bar-concrete interface are higher than
those computed from the observed failure load. Interlaminar shear bond failures occurred
for all the sand-coated bars. The interlaminar shear strength of a sand-coated GFRP bar
therefore influences the average bond strength that the bar can develop in UHPC. Further
information about these investigations is provided in Appendix A.
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Table 2.4 - Summary of Bond Data for GFRP Bars in UHPC
Author
Hossain et
al. 2011
Hossain et
al. 2011
Hossain et
al. 2011
Weber
2009

Pull-out
RILEM
Beam
Slab
Beam

SC

LM, HM

72 15.9, 19.1 48 – 134

128.6 - 174.5

-

cs
(mm)
40,
60

SC

LM, HM

36 15.9, 19.1 48 – 134

128.6 - 174.5

41

-

7.9-29.8

SC

HM

6

15.9

150 - 300 100.9 - 153.4

50

10.1-19.9

Pull-out

G

HM

11

15.9

20 - 200

67,
117

Test Type Bar typeBar Modulus

n

db (mm) le (mm)

fc' (MPa)

cb
(mm)

130

-

ū (M a)
6.3-23.1

18.4-33.5

SC-Sand coated, G-Grooved, n-number of specimens

2.4.1 Pull-out Specimens tested by Hossain et al. (2011)
Figure 2.7 shows the pull-out specimens tested by Hossain et al. (2011), with
150x150mm cross sections and lengths of 175mm for the 3db (le=48, 57mm) and 7db
(le=111, 134mm) specimens or 120mm for the 5db (le=80, 96mm) specimens. All LM and
HM test bars had sand-coated surfaces. Debonded lengths 25mm long were created using
foam insulation at the loaded end of the bar to reduce the possible confinement caused by
friction on this face of the specimen.
Multiple linear regression analysis of the average bond strengths, ū, from these tests was
conducted in the present study. The independent variables considered were the bar
diameter, db; embedded length, le; bar modulus, LM or HM; compressive strength, fc’;
and, cover.
The general model for regression was
[2.7] ū=

Ble + CZm + Dfc’

EZd +FZc + Gfc’2

ε

where A, B, C, D, E, F and G are constants determined by the regression analysis, and
Zm, Zd and Zc are indicator variables for the bar modulus, bar diameter and cover
respectively. An indicator variable is assigned a value of 1 when a particular factor is
present or 0 otherwise, so Zm=1 for a HM bar or 0 for a LM bar; Zd=1 for a 19mm
diameter bar or 0 for a 16mm diameter bar and Zc=1 for a 60mm cover or 0 for a 40mm
cover. The variable ε is the error, assumed independent and identically distributed for
each observation.
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175

GFRP Reinforcing
Bar

UHPC
Prism

150
Applied Load

25

le

100

1000
(a)

120

150

25 le

100

1000
(b)

150

150
40 or 60
(c)

Figure 2.7 - Pull-out Specimens Tested by Hossain et al. (2011): (a) 3db and 7db
specimens; (b) 5db specimens; (c) Cross Section Perpendicular to Longitudinal Axis of
Bar (All dimensions are in mm)
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The null hypothesis in this analysis is that each independent variable considered has no
influence on the average bond strength. This hypothesis was tested using p-values, which
represent the probability of obtaining a test statistic at least as extreme as that actually
observed, assuming that the null hypothesis is true. The threshold p-value selected, 0.05,
is a commonly accepted significance level (e.g., Capraro and Yetkiner 2010).
For the first analysis, considering all the variables shown in Equation [2.7], the bar
diameter and cover had p-values of 0.85 and 0.41, respectively, and so were deemed not
significant. The resulting fitted equation is
[2.8] ū= 124.9– 0.072le – 3.278Zm - 1.465fc’

0.0051fc’2

with all parameter estimates significant at the 0.001 level. The corresponding regression
statistics are presented in Table 2.5. The standard error of regression is 2.02MPa. The
values shown in the column headed ∆ū are the change in average bond strength over the
range of each parameter. The parameter ∆ū is greatest in absolute value for l e, indicating
that le has the greatest influence on the average bond strength for the ranges of parameters
investigated. Increasing fc’ increases ū while increasing le or Zm reduces ū.
Table 2.5 - Regression Analysis Results for Pull-out Tests by Hossain et al. (2011)
Parameter
Intercept
le
ZM
fc'
fc'2

Coefficient
124.9
-0.072
-3.728
-1.465
0.005

Unit
MPa
MPa/mm
MPa
MPa/MPa
MPa/MPa2

Standard
Error
22.648
0.008
0.476
0.301
0.001

p-value
6.0E-07
3.6E-13
4.9E-11
7.4E-06
2.5E-06

∆ū
(MPa)
-6.19
-3.73
+2.32

Figures 2.8(a) and (b) show the variation of the residuals of Equation [2.8] with l e and fc’,
respectively. The prediction equation for ū is reasonable with respect to both le and fc’
since the residuals appear random.
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8

6

6

Residual ū (MPa)

Residual ū (MPa)

8

4

4

2

2

0

0

-2

-2

-4

-4

-6

-6
0

50

100

Embedded Length, le (mm)

150

0

50

100

150

200

Compressive Strength, fc' (MPa)

(a)

(b)

Figure 2.8 - Residual Errors of Equation [2.8]: (a) Variation with Embedded Length; (b)
Variation with Compressive Strength

2.4.2 RILEM Beam Specimens tested by Hossain et al. (2011)
Figure 2.9 shows the RILEM Beam specimens tested by Hossain et al. (2011) that
consisted of two reinforced concrete blocks interconnected at the top by a steel hinge and
at the bottom by a single reinforcing bar. Each specimen was subjected to 4-point loading
with the embedded length outside of the constant moment region. All LM and HM bars
tested had sand-coated surfaces. The block dimensions were 375x180x100mm for
specimens reinforced with a 16mm bar or 600x240x150mm for specimens with a 19mm
bar. Dimensions shown in parenthesis are for the specimens with a 19mm bar. Dimension
A was not reported for the 16mm bar. Debonded lengths were created by placing foam
insulation around the GFRP bars near the ends of the UHPC blocks to create the desired
embedded lengths. Auxiliary plain mild steel bars with diameters 6.4mm for vertical bars
and 7.9mm for horizontal bars were provided. The details of this reinforcement are
shown in Figure 2.9(c) and (d).
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150 (200)
Steel Hinge

Bonded
Length

Slip
Measuring
Device

100
(150)

100
(150)

180
(240)
50
50(60)
375(600)
650(1100
)
(a)

27.5(20)

27.5(20) 20

20
140
(200)

(b)

db=16mm; 5@75mm
db=19mm; 7@90mm

100(140)
60(80)
A 120(160)
(45)

20
375(600)
(c)

52(92
)

140
(200)

80(120)
(d)

Figure 2.9 - RILEM Beam Specimens Tested by Hossain et al. (2011): (a) Elevation
View; (b) Cross Section; (c) Elevation View of Auxiliary Steel Reinforcement; (d) End
View of Vertical Auxiliary Reinforcement

Multiple linear regression analysis of the average bond strength, ū, for these 36 RILEM
Beam specimens was conducted. The independent variables considered were the
embedded length, le; bar modulus, LM or HM; compressive strength, fc’; and bar
diameter, db. The general model for regression was therefore Equation [2.7] with F=0 and
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G=0. The coefficients D and E for the bar diameter and compressive strength had pvalues of 0.34 and 0.95, respectively, and so were deemed not significant. The resulting
fitted equation is
[2.9] ū= 29.46– 0.087le – 5.944Zm
with all parameter estimates are significant at the 0.001 level. The corresponding
regression statistics are presented in Table 2.6. The standard error is 2.63MPa. The
parameter ∆ū is greatest in absolute value for le, indicating that le has the greater
influence on the average bond strength for the range of independent variables considered.
Increasing le or ZM decreases ū, which is consistent with the pull-out specimen results,
Equation [2.8], indicating that the general influence of le and ZM on the average bond
strength is independent of the type of specimen tested. The concrete compressive strength
was not significant in the RILEM Beam specimens, although it was significant for the
pull-out specimens. No trends are apparent in a plot of residual errors of Equation [2.9]
with le, which is presented in Appendix B.
Table 2.6 - Regression Analysis Results for RILEM Beam Tests by Hossain et al. (2011)
Parameter
Intercept
le
ZM

Coefficient
29.46
-0.087
-5.944

Unit
MPa
MPa/mm
MPa

Standard
Error
1.431
0.015
0.877

p-value
2.1E-20
1.4E-06
1.0E-07

∆ū
(MPa)
-7.48
-5.94

2.4.3 Slab Beam Specimens tested by Hossain et al. (2011)
Figure 2.10 shows the slab beam specimens tested by Hossain et al. (2011), with
dimensions of 2000x270x200mm and two sand-coated HM GFRP bars as the bottom
tensile reinforcement. The specimens were subjected to 4-point loading with the bar
splices in the constant moment region at midspan. Steel U-stirrups with a diameter of
6.4mm were spaced at 80mm for UHPC “Ryerson” (R) and 100mm for Ductal (D)
UHPC.
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LM transverse
bars, db=15.9mm
5@400mm typical

Longitudinal bar,
db=15.9mm LM@top,
HM@bottom,

top and bottom

2@135mm typical
270

2000
(a)

Steel U-Bars
Varies: 150 to 300mm
R Beams: 11@80mm typical
P/2
D Beams: 9@100mm typical P/2

P/2
100

P/2
600

600

600

100

(b)
67.5

135

67.5

31
119

Steel U-Bar

50
(c)

Figure 2.10 - Slab Beam Specimens Tested by Hossain et al. (2011): (a) Plan View (Ubars not shown); (b) Elevation View; (c) Cross Section (All dimensions are in mm)
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Multiple linear regression analysis of the average bond strength, ū, of these six specimens
was conducted. The independent variables considered were the embedded length, le; and
concrete compressive strength, fc’. The general model for regression was therefore
Equation [2.7] with C, E, F and G=0. The coefficient D for compressive strength had a pvalue of 0.79, and so was deemed not significant. The resulting fitted equation is
[2.10] ū= 27.542– 0.056le
with all parameter estimates significant at the 0.001 level. The corresponding regression
statistics are presented in Table 2.7. The standard error of the equation is 1.045MPa.
Increasing le decreases ū, which is consistent with the previous analyses, Equations [2.8]
and [2.9]. Again, the concrete compressive strength has an insignificant effect on ū, as
was observed in the RILEM Beam tests.

Table 2.7 - Regression Analysis Results for Slab Beam Tests by Hossain et al. (2011)
Parameter
Intercept
le

Coefficient
27.54
-0.056

Unit
MPa
MPa/mm

Standard Error
1.625
0.007

p-value
7.1E-05
1.3E-03

2.4.4 Pull-out Specimens tested by Weber (2009)
Pull-out specimens tested by Weber (2009) had concrete dimensions of 150x150x150mm
for the 20, 40 and 80mm embedded lengths and 250x250x200 for the 200mm embedded
length. The bars tested had grooved surfaces, although the CLR value was not reported.
Debonded lengths were created by placing plastic tubes around the loaded end of the bar
in the 150x150x150mm specimens, which conformed to RILEM RC6 specimens (Weber
2009). No debonded lengths were present in the specimens with 200mm embedded
lengths.
Linear regression analysis of the average bond strength, ū, of these eleven specimens was
conducted. The independent variable considered was the embedded length, le. The model
for regression was therefore Equation [2.7] with C, D, E, F and G=0. The fitted equation
is
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[2.11] ū= 33.47 – 0.080le
with both parameter estimates significant at the 0.04 level. The corresponding regression
statistics are presented in Table 2.8. The standard error is 2.25MPa. Increasing le again
decreases ū, which is again consistent with Equations [2.8], [2.9] and [2.10].

Table 2.8 - Regression Analysis Results for Pull-out Specimens tested by Weber (2009)
Parameter
Intercept
le

Coefficients
33.47
-0.080

Unit
MPa
MPa/mm

Standard
Error
1.77
0.016

P-value
0.0028
0.039

2.4.5 Discussion
For a HM GFRP bar in a 130MPa UHPC, Equations [2.8] and [2.9] may be rewritten, for
the ranges of le shown, as
[2.8a] ū= 15.69 – 0.072le

48≤le≤134mm

[2.9a] ū= 23.52 – 0.087le

48≤le≤134mm

Figure 2.11 shows the predicted variation of ū with common ranges of le for Equations
[2.8a] (Pull-out specimens with sand-coated bars), [2.9a] (RILEM Beam specimens with
sand-coated bars), [2.10] (Slab Beam specimens with sand-coated bars) and [2.11] (Pullout specimens with grooved bars). The common range of le selected lies within the limits
of le used to determine the various equations. Average bond strengths for the RILEM
Beam specimens are greater than those for pull-out specimens with sand-coated bars:
Hossain et al. (2011) attributed this to confinement provided in the beam specimens by
the auxiliary steel reinforcement. Extrapolating the average bond strength of these pullout and RILEM Beam specimens to le=150mm indicates that the average bond strength of
the Slab Beam specimens with sand-coated bars are clearly higher. Different test
specimens therefore yield different average bond strengths. The specimen chosen for an
experimental test should therefore reflect the particular application for which the average
bond strengths will be used. Average bond strengths of pull-out specimens with grooved
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bars were the highest of all the specimens, likely because they developed mechanical
interlock bond forces. This observation requires further validation by testing identical
specimens with grooved or sand-coated bars.

Average Bond Strength, ū (MPa)

35
30

Pull-out: Equation [2.11]

25

Slab Beam:
Equation [2.10]

20
15

RILEM Beam:
Equation [2.9a]

10

Pull-Out: Equation [2.8a]

5
0
0

50

100

150

200

250

Embedded Length, le (mm)

Figure 2.11 - Variation of Average Bond Strength with Embedded Length

Equations [2.8] and [2.9] indicate that GFR bars with lower Young’s Modulus (LM
GFR ) have higher average bond strengths than GFR

bars with higher Young’s

Modulus (HM GFRP). This seems contradictory to the general notion that bars with
lower Young’s Modulus must have lower average bond strengths than bars with higher
Young’s Modulus. Further studies are thus required to investigate how the Young’s
Modulus of a bar influences the average bond strength. Chapter 3 will investigate this.
2.5 SUMMARY AND CONCLUSIONS
The properties of Ultra-High Performance Concrete (UHPC) and Glass Fiber Reinforced
Polymer (GFRP) were reviewed. The mechanism of bond transfer for deformed and
sand-coated bars in concrete was also presented, including the associated bond failure
modes. The influence of concrete compressive strength and bar surface characteristics on
the average bond strength of steel and GFRP bars in Normal Strength Concrete (NSC)
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was discussed and the average bond strength of steel and GFRP bars in UHPC was
compared. Multiple linear regression analysis of existing bond data for GFRP bars in
UHPC was conducted to determine the significant parameters that influence the average
bond strength.
Based on this literature review, the following conclusions are made:
1. Ultra-High Performance Concrete (UHPC) improves the average bond strength of steel
and GFRP reinforcing bars in comparison to Normal Strength Concrete (NSC).
2. Regression analysis indicates that the embedded length, le, and Young’s Modulus of
sand-coated GFRP bars are the most significant parameters that influence their average
bond strength in UHPC. An increase of either parameter leads to a decrease of the
average bond strength.
3. Low Modulus (LM) GFRP bars tested by Hossain et al. (2011) developed higher
average bond strengths than High Modulus (HM) GFRP bars in UHPC. The lower
average bond strength of GFRP bars compared to steel bars has been attributed to the
lower Young’s Modulus of GFRP. It is therefore expected that LM GFRP bars will
exhibit lower average bond strengths than HM GFRP bars. Further investigation on the
effect of Young’s Modulus on the average bond strength of a reinforcing bar in concrete
is therefore required.
4. All tests involving sand-coated Glass Fiber Reinforced Polymer (GFRP) bars in UHPC
exhibited interlaminar shear failures. The average bond strength of sand-coated bars in
UHPC therefore depends on the interlaminar shear strength of the GFRP bar.
5. Comparing average bond strengths from Weber (2009) and Hossain et al. (2011)
indicates that deformed GFRP bars develop higher average bond strengths in UHPC than
sand-coated bars. This is consistent with bond transfer mechanisms envisaged for these
different bars: deformed bars develop mechanical interlock bond forces while sandcoated bars do not.
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6. Increasing the compressive strength of UHPC increases the average bond strength in
pull-out specimens but has no significant effect in RILEM Beam and Slab Beam
specimens. Average bond strengths obtained in slab beam specimens were significantly
higher than those obtained in pull-out and RILEM beam specimens. The specimen
chosen for an experimental test should therefore reflect the particular application for
which the average bond strengths will be used.
7. Past investigations have been aimed at obtaining average bond strengths for specific
embedded and splice lengths of steel and GFRP bars in UHPC. Optimizing these
embedded and splice lengths has not been addressed, however.
8. No tests have been conducted for GFRP-reinforced precast panels with UHPC in-fill
joints where the strength of the specimen was limited by bond. Such tests are required
given that the average bond strength obtained depends on the test specimen used.
9. The concrete cover has no significant effect on the average bond strength in pull-out
specimens whiles the bar diameter has no significant effect on the average bond strength
in pull-out and RILEM Beam specimens.

32

3 INFLUENCE OF MODULAR RATIO ON THE BOND STRESS
DISTRIBUTION ALONG A REINFORCING BAR
3.1 INTRODUCTION
The use of Fiber Reinforced Polymer (FRP) bars in Ultra-High Performance Concrete
(UHPC) is an emerging technology that eliminates steel corrosion and other durability
problems experienced in Normal Strength Concrete (NSC) reinforced with steel (e.g.,
Hossain et al. 2011). Fiber Reinforced Polymer (FRP) bars are also desirable because
they are lighter and some types are more resistant to fatigue than steel bars. (Okelo and
Yuan 2005). Replacing steel bars with FRP bars impacts the modular ratio, n, defined as
Eb/Ec where Eb and Ec are the Young’s Modulus of the bar and and concrete respectively.
For steel reinforcement in NSC, n approximately equals 8. For High Modular Glass Fiber
Reinforced Polymer (HM GFRP) bars in UHPC, however, the modular ratio approaches
1 (e.g., Hossain et al. 2011). This significant decrease, due to the combined effects of the
decrease in the Young’s Modulus of the bar and increase in the Young’s Modulus of the
concrete, influences the bond stress distribution along the bar (e.g., Mosley et al. 2008,
Newman et al. 2010).
Experimental bond tests of FRP bars in UHPC usually only quantify the average bond
strengths and bond-slip curves (e.g., Perry and Weiss 2010, Hossain et al. 2011, Sayed et
al. 2011). The bond stress distribution is known to be non-uniform along the embedded
lengths of bars (Esfahani and Rangan 1998, Okelo and Yuan 2005, Newman et al. 2010,
Hossain et al. 2011). Average bond strengths therefore do not accurately represent the
bond stress distribution. Computing the total bar deformation from measurements at the
loaded and unloaded bar ends in pull-out tests yields only the average strain along the
embedded length to be inferred. From these data it is impossible to derive an accurate
bond stress distribution, which requires deformations or strains at locations along the
embedded length. Experimental and theoretical investigations have been conducted to
obtain bond stress distributions for steel and FRP bars in NSC (e.g., Tepfers 1973,
Abrishami and Mitchell 1996, Aly 2007). Bond stress distributions for FRP bars in
UHPC, however, have received little attention.
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Experiments indicate that the average bond strength of FRP bars in a given concrete is
lower than that of steel bars (Mosley et al. 2008, Baena et al. 2009, Newman et al. 2010,
Sayed et al. 2011). It is believed that the lower Young’s Modulus of FR , and associated
lower modular ratio, contributes to the lower bond capacity (e.g., Mosley et al. 2008,
Newman et al. 2010). The effect of a lower modular ratio on the bond stress distribution
along the embedded length has not been quantified, however.
Increasing the embedded length decreases the average bond strength for both steel and
FRP bars (ACI 408 2003, Achillides and Pilakoutas 2004, Hossain et al. 2011).
Increasing the bar diameter, for tests where each embedded length is a constant multiple
of the bar diameter, decreases the average bond strength for both steel and FRP bars
(Tighiouart et al. 1998, ACI 408 2003, Achillides and Pilakoutas 2004, Tastani and
Pantazopoulou 2006, Baena et al. 2009, Hossain et al. 2011). For NSC and High Strength
Concrete (HSC), increasing the bar cover increases the average bond strength for steel
and FRP bars (ACI 408 2003, Hossain et al. 2011). Since actual bond stress distributions
are better representations of bond than average bond strengths, the effect of these
parameters on the bond stress distribution is also of interest.
3.1.1 Objectives
The present knowledge of bond of FRP in UHPC, which is limited to average bond
strengths and bond stress-slip relationships, must be expanded. The specific objectives of
the analytical investigation presented in this chapter are:
1. To obtain bond stress distributions for specimens with different modular ratios and to
quantify the effect of modular ratio on these distributions.
2. To investigate the effect of embedded length, bar cover and bar diameter on the bond
stress distribution.
Linear elastic finite element analyses were conducted on pull-out specimens with
representative modular ratios to determine the bond stress distribution for both GFRP
bars embedded in UHPC and steel bars embedded in NSC using SAP2000 (Computers
and Structures Inc. 2009). Simple cylindrical pull-out specimens were investigated
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because they are commonly used for bond tests. The effect of modular ratio was
quantified from the bond stress distributions obtained. The bar cover and thus the
cylinder diameter, bar diameter and the embedded length of bars were also varied to
determine their effect on the bond stress distribution.
3.2 BACKGROUND
Figure 3.1(a) shows a pull-out specimen, with a reinforcing bar embedded a distance le
subjected to a tensile load T. The concrete cylinder is debonded 200mm along its length
from the loaded end of the bar to prevent horizontal restraint forces from significantly
influencing the bond stress distributions. The bar rigidity is EbAb, where Ab is the crosssectional area of the bar. The concrete cylinder has a rigidity EcAc, where Ac is the crosssectional area of the concrete. The relative rigidity is therefore EbAb/EcAc or nAb/Ac.
Figure 3.1(b) shows idealized bond stress distributions for two pull-out specimens with
different modular ratios. The horizontal axis, x, is the distance from the loaded end of the
embedded bar, as shown in Figure 3.1(a), and the vertical axis is the bond stress, u. The
product of the area under either curve and the bar perimeter must equal the applied tensile
load T to satisfy horizontal force equilibrium.

n infinitely rigid bar (n=∞) will generate

a uniform bond stress along its embedded length as shown by Curve A. As the modular
ratio reduces, the maximum bond stress (umax) will increase and the bond stress
distribution will become less uniform, as shown by Curve B.
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Figure 3.1 - (a) Pull-out Specimen; (b) Bond Stress Distribution along Embedded Bar
3.3 FINITE ELEMENT MODEL
Figure 3.2(a) shows the 2-dimensional (2-D) finite element model of the pull-out
specimen investigated. The length, l, of the concrete cylinder varies depending on the
embedded length, le, of the bar. The bearing end of the cylinder is restrained laterally to
simulate real pull-out tests where frictional forces between the concrete cylinder and steel
loading platen restrain lateral movement at this interface.
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Figure 3.2 - (a) Finite Element Model; (b) Pull-out Specimen Half Section; (c)
Idealization

Figures 3.2(b) and 3.2(c) show the cross-section of half of a cylindrical pull-out specimen
and the idealized pull-out specimen analysed using the 2-D finite element model,
respectively. The cylindrical specimen was divided into annular strips, as shown in
Figure 3.2(b) that were idealized as rectangular strips with thicknesses, t, and with the
same width and area as shown in Figure 3.2(c). This idealized cross section allowed the
increase in concrete area, and thus axial stiffness, with increasing distance from the
reinforcement to be simulated in a 2-D model.
Thick shell elements were used to model the concrete and reinforcement. Although these
elements can simulate both in-plane displacements and out-of-plane bending, no out-ofplane bending was observed for the applied in-plane loads. Concrete shell elements
ranged between 2mm x 5mm and 5mm x 5mm and reinforcement shell elements were
16mm x 5mm for 16mm diameter bars and 25mm x 5mm for the 25mm diameter bars.
Shell elements smaller than these resulted in insignificant differences in the results
obtained.
3.3.1 Parameters Investigated
Table 3.1 summarizes the range of parameters investigated, specifically the concrete
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cylinder diameter, dc, bar diameter, db, concrete type, reinforcement type and the
embedded bar length. These parameters were chosen to study their influence on the bond
stress distribution since they have been observed to influence the average bond strength.
Cylinder and bar diameters were varied to investigate the influence of relative rigidity on
the bond stress distribution. The concrete and bar types were varied to investigate the
influence of modular ratio on the bond stress distribution. HM GFRP bars were chosen
instead of LM GFRP bars because their higher stiffness, which results in less
deformations in bridge decks, make them preferable in bridge construction. The
embedded lengths were also varied to determine effective lengths over which bond
stresses develop. In this investigation, the effective bond length is defined as the distance
from the loaded end of the bar to the point where the bond stress equals 5% of the
maximum bond stress. The maximum embedded length was 200mm because, as will be
shown, the effect on the bond stress distributions became negligible when the embedded
length exceeded 100mm.

Table 3.1 - Parameters Investigated
Parameter
Cylinder Diameter (dc)
Bar Diameter (db)
Concrete type
Reinforcement type
Embedded lengths (le)

Range
50, 100, 200 or 400mm
16 or 25mm
NSC or UHPC
HM GFRP or Steel
25, 50, 100, 150 or 200mm

3.3.2 Material Properties
Table 3.2 summarizes the properties of the concretes and reinforcing bars investigated.
The modular ratio is 8.1 for steel bars in NSC or 1.3 for GFRP bars in UHPC. The
parameters fc’, fy, fu, E, ν and ρ represent the specified concrete compressive strength, bar
yield strength, bar ultimate tensile strength, Young’s Modulus,

oisson’s ratio and

density respectively. Ahlborn et al. (2008) report properties specific to Ductal UHPC
manufactured by LaFarge for different applications. The properties reported in Table 3.2
are appropriate for field-cast joint fills between precast deck panels.
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Table 3.2 - Properties of Concrete and Reinforcing Bars
Material

fc' (MPa) fy(MPa) fu(MPa) E (MPa)

ν

ρ (kg/m3)

Reference
MacGregor and
Bartlett 2000

NSC

30

-

-

24650 0.17

2300

UHPC

140

-

-

45440 0.21

2450

Ahlborn et al. 2008,
Graybeal 2006

HM GFRP

-

-

1000

60000 0.25

2200

Schoeck 2010,
Pultrall 2011a.

Steel

-

400

540

200000 0.3

7850

MacGregor and
Bartlett 2000

3.3.3 Analysis and Bond Stress Calculations
Linear-elastic uncracked analysis was carried out using SAP2000 (Computers and
Structures Inc, 2009) assuming no slip between the concrete and the bar. Typically, a
10kN load was applied for either bar diameter. In investigating the effect of bar diameter
on the bond stress distribution, a load of 15.7kN was also applied to the 25mm bar to
obtain the same average bond stress as the 16mm bar would experience when subjected
to the 10kN load. Similarly, a load of 24.4kN was also applied to the 25mm bar to obtain
the same maximum bar stress, 50MPa, as the 16mm bar would experience when
subjected to the 10kN load.
The bar was meshed into elements 5mm long and the average force in each element was
computed from the analysis results. The bond stress at a joint between two elements was
computed as the difference between the forces in each element divided by the product of
the bar perimeter and the element length. At each end of the embedded bar, the element
length was assumed to be 2.5mm for this computation.
3.4 DISCUSSION
The results are presented to illustrate first the influence of modular ratio on bond stress
distribution, and then to investigate the variation of bond stress distribution with
embedded length. The influence of cylinder diameter, thus cover, and bar diameter on the
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bond stress distribution are then considered. Finally, the effect of modular ratio on the
maximum bond stress and effective bond length are presented.
3.4.1 Influence of Modular Ratio on Bond Stress Distribution
Figure 3.3 shows the significant influence of the modular ratio on the maximum bond
stress and the shape of the bond stress distribution for different embedded lengths.
Extreme values of n=0.13 and n=64, although unrealistic, are shown to emphasise the
general trends. Increasing the modular ratio markedly reduces the maximum bond stress,
which always occurs at the loaded end, thus making the bond stress distribution more
uniform, and also increases the effective bond length. For example, the bar with n=0.13
in Figure 3.3(a) has a maximum bond stress of 67MPa at the loaded end and a negligible
bond stress at 10mm from the loaded end. In contrast, the bar with n=64 has a maximum
bond stress of 15MPa and a stress about half as large at 25mm from the loaded end.
Stiffer concrete (i.e., with high Ec and low n value) tends to prevent bar elongation at the
loaded end, resulting in a greater local bond, especially for bars with low E b. Conversely,
concrete with low Ec (i.e., a high n value) is less effective at preventing bar elongation at
the loaded end, especially for bars with high Eb, and hence the force tends to stay in the
bar. Virtually identical trends occur for specimens with: db=16mm, le=25mm; db=16mm,
le=200mm; db=25mm, le=25mm; and, db=25mm, le=200mm as shown in Figures 3.3(a),
3.3(b), 3.3(c) and 3.3(d) respectively. GFRP bars in a given type of concrete will have
higher maximum bond stresses than steel bars, due to their lower n value. This may be at
least a partial explanation for tests by others demonstrating that GFRP bars fail at lower
pull-out loads than steel bars (e.g., Mosley et al. 2008, Newman et al. 2010).
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Figure 3.3 - Influence of Modular Ratio (Eb/Ec) on Bond Stress Distribution for 200mm
Diameter Concrete Cylinders: (a) db=16mm, le=25mm; (b) db=16mm, le=200mm; (c)
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3.4.2 Variation of Bond Stress Distribution with Embedment Length (le)
Figures 3.4(a) and 3.4(b) show the variation of bond stress distribution with embedded
length for steel bars with 16 and 25mm diameters, respectively, in 200mm diameter NSC
cylinders i.e. n=8.1. Equilibrium requires higher bond stresses in bars with shorter
embedded lengths if the applied force is constant. Higher bond stresses are therefore
clearly seen for 25mm embedded lengths. The maximum bond stress reduces by 16-23%
when the embedded length is increased from 25 to 50mm. It remains essentially constant
for embedded lengths greater than 100mm because, in these cases, the bond stresses are
negligible beyond distances from the loaded end, x, of 100mm and so the maximum bond
stresses remain constant. The bond stress distribution thus remains practically invariant
for embedded lengths exceeding 100mm even though the average bond strength
decreases with increase in embedded length, as indicated by Equation [2.4].
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Figures 3.4(c) and 3.4(d) show the variation of bond stress distribution with embedded
length for GFRP bars with diameters of 16 and 25mm, respectively, in a 200mm diameter
UHPC cylinder (n=1.3). As already noted in the discussion of Figure 3.3, the maximum
bond stress at the loaded end increases and the effective bond length decreases when
modular ratio reduces. This trend is observed by comparing, for example, Figures 3.4(a)
and 3.4(c), where an 84% decrease in n (i.e., from 8.1 to 1.3) results in a 119% increase
in the maximum bond stress and 64% decrease in the effective bond length for
le=100mm. The bond stress distributions shown in Figure 3.4(d) for n=1.3 are essentially
superimposed on each other. The maximum bond stress reduces only 4-7% when the
embedded length is increased from 25 to 50mm, and remains essentially constant for
embedded lengths greater than 50mm because bond stresses are negligible beyond 50mm
from the loaded end. Even though the average bond stress reduces when the embedded
length is increased, the bond stress distribution remains practically the same for
embedded lengths exceeding 50mm. Figures 3.4(a), 3.4(b), 3.4(c) and 3.4(d) show clearly
that the average bond stress is not useful to quantify bond stresses along a bar because the
average bond stress varies markedly with embedded length, but the maximum bond stress
and effective bond length do not.
3.4.3 Influence of Cylinder Diameter (dc) on Bond Stress Distribution
Figure 3.3 has shown that increasing the modular ratio significantly decreases the
maximum bond stress and the effective bond length. Increasing the cylinder diameter
increases the concrete rigidity EcAc and thus might also be expected to influence the bond
stress distribution. The effect of cylinder diameter, and the associated cover, is therefore
of interest.
CSA Standard S6-06 (CSA 2006a) requires that the minimum clear bar spacing for
precast concrete not be less than db, 25mm or 1.33 times the nominal maximum size of
the coarse aggregate. Assuming a 19mm nominal maximum aggregate size, the
corresponding minimum cylinder diameters for the 16 and 25mm bars are therefore 41
and 50mm respectively (i.e., the sum of the clear spacing and the bar diameter). Given
also that the maximum center-to-center spacing of reinforcement in bridge decks is
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300mm (CSA 2006a), a maximum cylinder diameter of 300mm is of practical interest for
both bar diameters for a bridge deck. Cylinder diameters exceeding 300mm, as
investigated in this study, may therefore be of interest in pull-out tests but have limited
practical application for bridge decks.
Figure 3.5 presents the influence of cylinder diameter on the bond stress distribution for
16mm steel bars in NSC and 16mm GFRP bars in UHPC. Except for specimens with
n=8.1 and le=200mm (Figure 3.5(b)), an increase in the cylinder diameter results in a
slight increase in the maximum bond stress for a given embedded length, particularly as
the cylinder diameter increases from 50 to 100mm. For the 25mm embedded length of
steel and GFRP bars shown in Figures 3.5(a) and 3.5(c), a 700% increase in cylinder
diameter, i.e. from dc=50mm to dc=400mm, corresponding to a 99% decrease in relative
rigidity increases the maximum bond stress by only 17% and 15%, respectively. A
similar trend is observed for the specimens with n=1.3 and le=200mm shown in Figure
3.5(d). Figure 3.5(b) shows that for specimens with n=8.1 and le=200mm, the cylinder
diameter has no effect on the bond stress distribution. Based on the discussion above, the
cylinder diameter therefore has a much lesser effect on the bond stress distribution than
the modular ratio.
Figure 3.6 shows the shear stress distribution across 50 and 400mm diameter cylinders,
5mm from the loaded end of the embedded bar length (i.e., x=5mm on Figure 3.1(a)).
The specimens analysed have 16mm steel or GFRP bars with embedded lengths of 25mm
in Figure 3.6(a) and 200mm in Figure 3.6(b). Shear stresses remain negligible beyond
approximately 50mm from the center of the cylinder for both embedded lengths.
Concrete beyond 50mm from the center of the cylinder therefore has little effect on the
bond stress distribution. The maximum bond stress for a 400mm diameter cylinder
specimen therefore is approximately equal to the maximum bond stress for a 100mm
diameter cylinder specimen as shown in Figures 3.5(a)-3.5(d). Knowing that Ac is
directly proportional to the square of dc, the relative rigidity (EbAb/EcAc) therefore has
little influence on the bond stress distribution for dc greater than 100mm when other
parameters are kept constant.

45

40
d50
c=50mm

d50
c=50mm

30

30

Bond Stress (MPa)

Bond Stress (MPa)

40

d100
c=100mm

200
dc=200mm

20

d200
c=200mm

20

dc=100mm
100

d400
c=400mm

d400
c=400mm

10

10

0

0
0

5

10

15

20

Distance from Loaded End of
Embedded Bar, x (mm)

0

25

50

100

(a)

200

(b)

40

40
d50
c=50mm

d50
c=50mm
30

30

d100
c=100mm

Bond Stress (MPa)

Bond Stress (MPa)

150

Distance from Loaded End of
Embedded Bar, x (mm)

d200
c=200mm

20

d400
c=400mm
10

0

d100
c=100mm
d200
c=200mm

20

d400
c=400mm
10

0
0

5

10

15

20

25

Distance from Loaded End of
Embedded Bar, x (mm)

0

50

100

150

200

Distance from Loaded End of
Embedded Bar, x (mm)

(c)

(d)

Figure 3.5 - Influence of Cylinder Diameter on Bond Stress Distribution for 16mm
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3.4.4 Influence of Bar Diameter (db) on Bond Stress Distribution
Figure 3.7(a) presents the influence of bar diameter (db) on the bond stress distribution in
bars with a maximum stress of 50MPa for a 100mm embedded length in a 200mm
diameter cylinder. For a given modular ratio, the bar diameter has a negligible effect on
the maximum bond stress. The strain compatibility requirement between the loaded bar
and the unloaded concrete causes the similar bond stress distributions. Slightly higher
bond stresses are developed over longer effective bond lengths to equilibrate larger forces
in larger diameter bars. The slightly higher bond stresses result in larger diameter bars
being subject to greater average bond stresses than the smaller diameter bars. This is
consistent with Equation [2.4] where an increase in bar diameter for a given bar stress
and embedded length results in an increase in the average bond stress.
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Figure 3.7 - Influence of Bar Diameter on Bond Stress Distribution: (a) Constant Bar
Stress; (b) Constant Average Bond Stress

Figure 3.7(b) presents the influence of the bar diameter, and thus bar area, on the bond
stress distribution for a constant average bond stress of 2MPa. A 146% increase in bar
area and relative rigidity results in 31 and 34% decreases in the maximum bond stress for
n=1.3 and 8.1, respectively. The bar area therefore has a more significant effect on the
bond stress distribution than the cylinder area. The most influential parameter on the
bond stress distribution for the parameters investigated in this study, however, is the
modular ratio.
3.4.5 Influence of Modular Ratio on Maximum Bond Stress
Table 3.3 presents the ratios of maximum bond stresses, γ, for specimens of modular
ratios of 1.3 to identical specimens with modular ratios of 8.1 i.e., γ=umax1.3/umax8.1, for all
the cases investigated. Reducing the modular ratio from 8.1 to 1.3 increases the
maximum bond stress by 58 to 139%. The mean values of γ for 16mm and 25mm bars
are 2.1 and 2.0, respectively, and the associated coefficients of variation are 8% and 16%.
The maximum bond stress therefore doubles on average when the modular ratio
decreases from 8 to 1.3. The γ values for 25mm embedded lengths are essentially
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independent of cylinder diameter for both bar diameters. The γ value is constant for
50mm diameter cylinders for embedded lengths exceeding 50mm for both bar diameters.
The γ value is not sensitive to cylinder diameters or embedded lengths greater than
100mm because umax is approximately constant in these cases. Figure 3.4 indicates that
umax is constant for modular ratios of 8 and 1.3 respectively for embedded lengths greater
than 100mm. Similarly, Figure 3.5 indicates that umax is approximately constant when the
cylinder diameter exceeds 100mm. As shear stresses are negligible beyond 50mm from
the center of a 400mm diameter cylinder, as shown in Figure 3.6, concrete beyond that
distance contributes negligible resistance to shear generated by the load transfer through
bond.
Table 3.3 - Ratios of Maximum Bond Stresses, γ=(umax1.3/umax8.1)
(a) db=16mm
Embedded Cylinder Diameter (mm)
Length (mm) 50
100 200 400
25
1.81
1.84 1.80 1.79
50
1.98
2.11 2.07 2.05
100
1.99
2.21 2.19 2.18
150
1.99
2.21 2.22 2.21
200
1.99
2.21 2.23 2.22

(b) db=25mm
Embedded Cylinder Diameter (mm)
Length (mm) 50
100 200 400
25
1.58 1.69 1.67 1.67
50
1.65 2.07 2.04 2.04
100
1.65 2.25 2.29 2.29
150
1.65 2.25 2.36 2.36
200
1.65 2.25 2.38 2.39

A relatively large increase in γ occurs as the embedded length increases from 25 to
200mm. This is due to the relatively large reduction of umax8.1 compared to umax1.3 as
shown in Figure 3.4.
3.4.6 Influence of Modular Ratio on Effective Bond Length
Table 3.4 presents the ratios of effective bond lengths for specimens with n=1.3 to
identical specimens with n=8.1. The effective bond length is defined as the distance from
the loaded end of the embedded bar to the point where the bond stress equals 5% of the
maximum bond stress. The effective lengths of the specimens with n=1.3 ranged from 33
to 100% of that for the specimens with n=8.1. This indicates that bond stresses effectively
develop over shorter effective bond lengths when the modular ratio is low and over
longer bonded lengths when the modular ratio is high. This occurs because more load is
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transferred near the loaded bar end for specimens with lower modular ratios compared to
specimens with higher modular ratio.

Table 3.4 - Ratios of Effective Bond Lengths
(a) db=16mm
Embedded
Length (mm)
25
50
100
150
200

Cylinder Diameter (mm)
50
100 200 400
1.00 0.80 0.80 0.80
0.50 0.40 0.40 0.40
0.56 0.33 0.36 0.36
0.56 0.33 0.36 0.36
0.56 0.33 0.36 0.36

(b) db=25mm
Embedded
Length (mm)
25
50
100
150
200

Cylinder Diameter (mm)
50
100 200 400
1.00 1.00 1.00 1.00
0.78 0.70 0.60 0.60
0.78 0.41 0.33 0.33
0.78 0.44 0.33 0.33
0.78 0.44 0.35 0.35

Similar trends were observed for both 16 and 25mm diameter bars. For the 16mm
diameter bar, Table 3.4(a) shows that similar or constant effective bond length ratios are
observed for cylinder diameters equalling or exceeding 100mm for any embedded length,
and for embedded lengths at least 100mm for any cylinder diameter. For the 25mm
diameter bars, very similar effective bond length ratios are observed for all cylinder
diameters for 25mm embedded length, and for each cylinder diameter for embedded
lengths 100mm or greater. For either bar diameter, the ratio of effective bond lengths
tends to reduce as the cylinder diameter or embedded length increases because the
effective bond lengths for n=1.3 specimens remained constant while those for n=8.1
increased when the embedded lengths and cylinder diameter increased. The ratios of
effective bond lengths generally tends to increase as the bar diameter increases.
Given that high ratios in Table 3.3 correspond to low values in Table 3.4, it can again be
observed that for a given load, as the maximum bond stress increases, the effective bond
length reduces.
3.5 COMPARISON OF ANALYTICAL RESULTS TO EXPERIMENTAL
RESULTS BY OTHERS
A total of 151 pull-out tests conducted by Okelo and Yuan (2005) of FRP bars with
aramid, carbon and glass fibers and steel bars in NSC indicated that the average bond
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strengths of FRP bars were typically 40-100% of the average bond strength of steel bars.
Pull-out tests by Baena et al. (2009) also indicate that FRP bars have lower average bond
strengths than steel bars in NSC. Average bond strengths of FRP in UHPC were also
observed to be lower than steel bars in UHPC (e.g., Graybeal 2010, Sayed et al. 2011,
Hossain et al. 2011). The analytical results from the present investigation confirm these
findings. Specimens with lower modular ratios, such as FRP bars in NSC (or,
particularly, UHPC) develop higher maximum bond stresses in comparison to specimens
with higher modular ratios, such as steel bars in UHPC (or, particularly, NSC). These
higher maximum bond stresses for FRP bars are therefore contributing to their lower
bond strengths.
Equations [2.8] and [2.9] show however that LM GFRP bars have higher average bond
strengths than HM GFRP bars. This observation, which superficially contradicts the
findings above, can be explained by consideration of the relationships between bond
stress distributions and bond capacities for GFRP in NSC and UHPC and steel in NSC
and UHPC. Figure 3.8(a) shows bond capacities and bond stress (u) distributions for steel
in NSC and steel in UHPC. In particular, it shows the bar-concrete interface bond
capacity for steel in NSC, bar-concrete interface bond capacity for steel in UHPC, the
bond stress distribution for steel in NSC and bond stress distribution for steel in UHPC.
For steel in NSC, the bar-concrete interface bond capacity is lower than the interlaminar
shear capacity. Bond failure thus occurs at the bar-concrete interface. This is denoted by
point A on Figure 3.8(a). For steel in UHPC, the bar concrete interface bond capacity is
higher than for steel in NSC, due to the higher compressive strength of UHPC. The
interlaminar shear capacity of steel, not shown, is very high and so much greater than the
bar-concrete interface bond capacity. The bond capacity is thus governed by the barconcrete interface bond capacity, as denoted by point B in Figure 3.8(a).
Figure 3.8(b) shows the corresponding bond capacities and bond stress distributions for
GFRP in NSC and GFRP in UHPC. The interlaminar shear capacity is now assumed
moderate and so shown between the bar-concrete interface bond capacities for GFRP in
UHPC and NSC. For GFRP in NSC, the bar-concrete interface bond capacity is lower
than the interlaminar shear capacity so bond failure occurs at the bar-concrete interface as
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Figure 3.8 - Bond Capacities and Bond Stress Distributions: (a) Steel bars in UHPC and
NSC; (b) GFRP Bars in UHPC and NSC

represented by point C. For GFRP in UHPC, the bar-concrete interface bond capacity is
greater and so exceeds that of the interlaminar shear capacity of a GFRP bar. The failure
mode thus changes, now governed by the interlaminar shear capacity, as denoted by point
D. The increased bar-concrete bond capacity is thus not fully utilised, as is the case for
steel in UHPC, because of the low interlaminar shear capacity of GFRP bars. Even
though the use of GFRP in UHPC results in an increase in the maximum bond stress for a
given load compared to GFRP in NSC, this is counteracted by the increased bar-concrete
interface capacity.
The higher bond capacity of LM GFRP bars compared to HM GFRP bars can therefore
be attributed to a higher interlaminar shear strength of LM GFRP bars, which offsets the
higher maximum bond stress expected to develop for a given load compared to HM
GFRP bars. There are currently no studies that quantify the interlaminar shear capacities
of HM and LM GFRP bars.
Experiments indicate that an increase in embedded length does not result in a
corresponding increase in bond capacity. The resulting average bond strength thus
decrease, as shown by Equations [2.8], [2.9], [2.10] and [2.11] obtained from regression
analysis of average bond strength data. This has been attributed to the non-uniform bond
stress distribution along embedded bars, with lower bond stresses occurring at the
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unloaded end of bars with increased lengths (ACI 408 2003, Okelo and Yuan 2005,
Mosley et al. 2008 and Hossain et al. 2011). The present investigation indicates that
increasing the embedded length generally does not make the bond stress distribution
more uniform. A more uniform distribution, indicative of a more uniform load transfer,
will result in a greater bond capacity. The present investigation therefore indicates, as
confirmed by these experimental results by others, that increasing the embedded length
does not proportionally increase in bond capacity and thus decreases the average bond
strength.
Experiments also indicate that the average bond strength increases as the cover is
increased for steel and GFRP bars in NSC (e.g., ACI 408 2003 and Newman et al. 2010).
Increasing concrete cover increases the confinement of the reinforcing bars thus
increasing the bond capacity. Results from the present investigation indicate that the
maximum bond stress increases slightly up to a cylinder diameter of 100mm (i.e. a cover
of approximately 40mm) which is within the range of maximum covers investigated
experimentally. As the cover increases, therefore, the bond capacity increases and the
maximum bond stress also increases. The bond capacity however seems to increase at a
higher rate than the maximum bond stress for steel in NSC since the average bond
capacity increases with increase in cover. The regression analysis carried out using data
from Hossain et al. (2011) in Chapter 2 also indicated that the effect of cover on the
average bond strength was not statistically significant for GFRP bars in UHPC. Since the
analyses conducted only address load effects, and not bond capacity, a direct comparison
of the analytical results with the experimental data, which incorporates both load effects
and bond capacity, cannot be made.
3.6 LIMITATIONS
The results presented in this chapter are based on linear-elastic uncracked finite element
analyses. Computed tensile stresses in concrete elements adjacent to the bonded length of
the reinforcing bar close to the loaded end were in some cases greater than the concrete
tensile strength. Cracks will thus be expected to develop and propagate, resulting in a
non-linear response. The applicability of these results is therefore limited.
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A pseudo-cracked analysis was conducted by assigning elements with tensile stresses that
exceeded the tensile strength of the concrete a Young’s Modulus value that is a hundredth
of its actual value. The results indicated that a redistribution of stresses occurred.
Elements with the low Young’s Modulus developed negligible stresses and adjacent
elements along the embedded length of the bar with the original Young’s Modulus
developed substantial tensile stresses, some of which exceeded the tensile strength of the
concrete. Repeating the pseudo-cracked analysis caused continued redistribution of
stresses until the tensile stresses in all concrete elements with the original Young’s
Modulus exceeded the tensile strength of the concrete. For steel loaded to 50MPa in NSC
specimen with a 200mm cylinder diameter, 16mm diameter bar and a 100mm embedded
length, the critical embedded length over which the tensile stresses exceeded the concrete
tensile strength was approximately 30mm.
3.7 SUMMARY AND CONCLUSIONS
Two-Dimensional linear-elastic finite element analyses of pull-out cylinders were
conducted assuming no slip between the concrete and the bar. Normal Strength Concretes
(NSC) and Ultra-High Performance Concretes (UHPC), and steel and High Modulus
Glass Fiber Reinforced Polymer (HM GFRP) bars were investigated. The influence of
modular ratio, embedded length, concrete cylinder diameter and associated cover, and bar
diameter on the maximum bond stress and the effective bond length were analysed.
Within the context of the parameters considered and the assumptions made in this
investigation, the following conclusions may be drawn:
1. Higher maximum bond stresses are developed in specimens with lower modular ratios,
Eb/Ec, where Eb and Ec are the Young’s Modulus of the bar and concrete respectively.
The modular ratio has a greater effect on the maximum bond stress and the effective bond
length than the embedded length, bar diameter or concrete cylinder diameter for a given
applied load.
2. Even though Low Modulus GFRP bars may be expected to develop higher maximum
bond stresses than High Modulus GFRP bars in a given concrete, the Low Modulus bars
likely have higher interlaminar shear strengths that compensate for the higher maximum
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bond stresses. Thus the Low Modulus bars exhibit apparently higher average bond
strengths.
3. The average bond stress is not useful to quantify the bond response: it varies markedly
with embedment length while the bond stress distribution does not. For example, the
average bond stress reduces by 50% when the embedded length increases from 100mm to
200mm while the bond stress distribution remains practically the same.
4. In general, increasing concrete rigidity, (EcAc), by increasing the cross-sectional area
of the concrete, Ac, increases the maximum bond stress as cylinder diameter increases
from 50 to 100mm when the modular ratio is 1.3 (i.e., GFRP bars in UHPC). For
specimens with modular ratios of 8.1 (i.e., steel bars in NSC), however, increasing the
cylinder diameter from 50 to 100mm results in an increase in the maximum bond stress
for short embedded lengths only, i.e., less than 100mm. As cylinder diameter increases
from 100 to 400mm, its effect on the maximum bond stress is not significant for either
modular ratio.
5. For a given average bond stress, as the bar diameter increases, the maximum bond
stress decreases. A larger bar diameter results in an increased relative rigidity which
results in a more uniform bond stress distribution. Change in relative rigidity due to a
change in bar diameter has a greater effect on the bond stress distribution than a change
in relative rigidity due to a change in cylinder diameter.
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4 SPLICE LENGTH OPTIMIZATION
4.1 INTRODUCTION
Figure 4.1 shows the plan and cross-sections of a typical two-span continuous bridge.
The deck consists of reinforced precast panels with Ultra-High Performance Concrete
(UHPC) in-fill joints and is supported on steel girders. The transverse joints over the
middle support are primarily subjected to axial tension due to hogging moments while the
transverse joints in the spans are primarily subjected to axial compression due to
longitudinal sagging moments. The exterior longitudinal joints are subjected to transverse
tension and hogging moments. The interior longitudinal joint may be subjected to
transverse tension and hogging or sagging moments, depending on the flexibility of the
supporting girder. The internal panels can carry load transversely by arching action.
S6-06 (CSA 2006a) specifies two design methods, Empirical and Flexural, for cast-inplace FRP reinforced bridge decks. These methods specify requirements to be met, but do
not provide definite procedures to be followed. Developing such procedures will
streamline the design process, especially for the Flexural Design Method which has a lot
of requirements to be satisfied.
Bridge decks consisting of precast panels act compositely with UHPC in-fill joints and
hence can be designed using these methods, if splice lengths in the UHPC joint are
adequate to develop at least the bar stress corresponding to the preferred failure mode. It
is sought in this investigation to optimize UHPC in-fill joints with High Modulus (HM)
Glass Fiber Reinforced Polymer (GFRP) bars by minimizing the joint width, and thus
splice lengths, and using straight lapped bars.
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Conventionally, the splices would have to be designed to develop the ultimate tensile
strength (fFRPu) of GFRP bars (CSA 2006a). Given the higher fFRPu and lower average
bond strength of HM GFRP bars in comparison to steel, very long splice lengths may be
required to satisfy this design criterion. When a concrete crushing flexural failure occurs,
the bar stress at failure is lower than the ultimate bar strength, f FRPu. The low Young’s
Modulus of GFRP bars may cause crack control requirements to govern over the ultimate
limit state requirements, which would further reduce bar stresses at factored loads. These
conditions create a potential justification for reduced splice lengths. Splices designed to
withstand specific bar stresses at ultimate limit states, however, must achieve a high
target reliability index, given that bond failure is brittle. The ductility associated with
bond failure does not vary significantly from that associated with concrete crushing or
FRP bar rupture (ACI 440 2006), and therefore should not be of much concern.
The design methods specified in S6-06 (CSA 2006a) assume different load-resisting
mechanisms and hence result in possibly different bar stresses at failure. Since it is
sought to design splices based on specific bar stresses rather than fFRPu, both design
methods will be reviewed.
The objectives of the research reported in this chapter are therefore:
1. To develop procedures for designing bridge decks with GFRP-reinforced precast
panels and optimized splice lengths in UHPC in-fill joints.
2. To explore means for reducing splice lengths in UHPC joints by accepting a
brittle bond failure mode while achieving an acceptably high reliability index.
Section 4.2 summarizes and compares the two design methods for FRP-reinforced bridge
decks in S6-06 (CSA 2006a) and presents procedures for designing bridge decks with
GFRP-reinforced precast panels and UHPC in-fill joints
Average bond strengths are derived by extrapolation of existing data in Section 4.3.
These strengths are necessary to design the bridge deck with HM GFRP-reinforced
precast panels and UHPC in-fill joints in Section 4.4.
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Section 4.5 presents reliability-based design methods, that determine splice lengths and
resistance factors for either the bar stresses due to factored loads, as obtained in Section
4.4 or the ultimate tensile strength of the HM GFRP bar. A comparison of splice lengths
and resistance factors for these two cases is presented.
Conclusions for the chapter are presented in Section 4.6.
4.2 DESIGN METHODS
The design methods in S6-06 (CSA 2006a) are discussed below.
4.2.1 Flexural Design Method
The Flexural Design Method relies on the flexural action of bridge decks to resist loads.
S6-06 (CSA 2006a) requires that provisions for flexure, shear, splice length, maximum
stress at serviceability, crack control reinforcement and deformability be met. The
provisions for flexure, maximum stress at serviceability and crack control reinforcement
are discussed together with the force equilibrium equation for bond in UHPC in this
subsection. The remaining provisions are presented in the appendix since they do not
directly pertain to the splice length design of FRP bars in UHPC.
4.2.1.1 Flexure
In steel-reinforced concrete, yielding of the flexural steel reinforcement before crushing
of concrete is preferred because it gives visual warning of failure. In Fiber Reinforced
Polymer (FRP) reinforced concrete, however, this failure mode is not desirable because
the FRP fractures in a brittle manner causing a sudden catastrophic flexural failure (ACI
440 2006). Flexural failure initiated by crushing of the concrete is instead preferred
because it allows some ductility to be exhibited before failure (ACI 440 2006).
Rupture of an FRP bar is not prohibited, however, in either S6-06 (CSA 2006a) or ACI
440.1R-06 (ACI 440 2006). The Commentary of S6-06 states that this failure mode is
permitted to avoid large reinforcement areas in the webs of T-sections (CSA 2006b) and
the code requires that cross-sections governed by this failure mode have a factored
resistance at least 50% greater than the factored demands. In ACI 440.1R-06, the nominal
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resistance moment for members governed by FRP rupture is multiplied by a resistance
factor of 0.55 instead of 0.65 for flexural failures initiated by concrete crushing (ACI 440
2006). These resistance factors were chosen to obtain a minimum reliability index of 3.5
(ACI 440 2006).
The type of flexural failure that occurs depends on the reinforcement ratio, ρFRP, defined
as
[4.1]

ρFRP=

FR

bd

where AFRP is the area of FRP reinforcement in the width of the deck cross section, b, and
d is the effective depth of the reinforcement.
Figure 4.2 shows a typical panel cross-section and the strain and stress distributions
corresponding to the balanced condition, i.e. the simultaneous crushing of concrete and
rupture of the FRP bar. The symbols in the figure are defined as follows: h is the depth of
the panel, εcu is the ultimate compressive strain of concrete in compression, typically
assumed to be 0.0035, εFRPu is the ultimate FRP tensile strain, fc’ is the specified concrete
compressive strength, c is the neutral axis depth, φc is the concrete resistance factor, 0.75
(CS

2006a), φFRP is the FRP resistance factor, 0.5 for GFRP (CSA 2006b) and fFRPu is

the ultimate tensile strength of the FRP bar. The ratio of the average stress in the
rectangular compression block to the specified concrete compressive strength, α1, is
computed as (CSA 2006a):
[4.2]

α1=0.85-0.0015fc’≥0.67

Similarly, the ratio of depth of the rectangular compression block to the neutral axis
depth, β1, is computed as (CSA 2006a):
[4.3]

β1=0.97-0.0025fc’≥0.67
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Figure 4.2 - (a) Panel Cross-section; (b) Strain Distribution; (c) Stress Distribution
The reinforcement ratio corresponding to the balanced condition, ρFRPb, may be derived
from these strain and stress distributions. Assuming that plane sections remain plane, and
that perfect bond exists between the reinforcing bar and the concrete, similar triangles on
the strain diagram, Figure 4.2 (b), require that:
[4.4]

εcu
εFR u

=

c
d-c

Following the procedure adopted to derive the balanced steel ratio for steel-reinforced
concrete members yields
[4.5] ρFRPb =

FR

bd

φc

= α1β1φ

FR

fc
EFR εcu
fFR u EFR εcu fFR u

where EFRP is the Young’s Modulus of the FR bar. If ρFRP<ρFRPb, the cross-section is
under-reinforced and a brittle Tension-Initiated Flexural Failure (TIF) due to rupture of
the FRP bar at a stress of fFRPu. If ρFRP>ρFRPb, the cross-section is over-reinforced and a
more ductile Compression-Initiated Flexural Failure (CIF) occurs due to concrete
crushing. The stress in the FRP bar, fFRP, in this case can be determined by considering
the equilibrium of forces and the linear strain diagram.
The factored moment of resistance, Mr, at ultimate limit states is
[4.6]

a
Mr =φc α fc bβ1 c(d- 2 )
1
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or
[4.7]

Mr =φFR

FR

a
fFR (d- 2 )

S6-06 (CSA 2006a) also requires that Mr be at least fifty percent greater than the cracking
moment, Mcr, given as
[4.8]

2Ig fcr

Mcr=

h

where Ig is the second moment of area of the gross cross-section and fcr is the cracking
strength of concrete given as (CSA 2006a)
[4.9]

fcr= 0.4 fc

where fc’ and fcr are in MPa.
In summary, satisfying the flexural requirements of S6-06 (CSA 2006a) for design with
FRP requires:
a. Mr>Mf for failure initiated by concrete crushing
b. Mr>1.5Mf for failure initiated by FRP bar rupture
c. Mr>1.5Mcr
4.2.1.2 Maximum Stress at Serviceability
Cl. 16.8.3 of S6-06 (CSA 2006a) imposes a maximum stress limit on FRP bars to account
for the reduction in bar strength that occurs due to sustained loads (CSA 2006b) of
FSLSfFRPu, where FSLS equals 0.25 for GFRP reinforcement.
4.2.1.3 Crack Control Reinforcement
S6-06 Cl. 16.8.2.3 requires that crack widths be checked when the maximum tensile
strain under specified service loads exceeds 0.0015 (CSA 2006a). The crack width, wcr,
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which must be less than 0.5mm for aggressive environments and 0.7mm for other
environments, is computed as

[4.10] wcr = 2

fFR h2

k
EFR h1 b

dc 2 (s 2)2

where h1 is the distance from the centroid of tension reinforcement to the neutral axis; h2
is the distance from the extreme flexural tension fiber to the neutral axis; kb is the bond
coefficient between FRP and concrete, 0.8 for sand-coated bars and 1.0 for deformed
bars; dc is the distance from the centroid of the tension reinforcement to the extreme
tension fiber with the clear cover not taken greater than 50mm; and, s is the spacing of
the longitudinal tensile reinforcement.
4.2.1.4 Splice Length in UHPC
Bond failure of reinforcing bars in reinforced concrete structures is undesirable due to its
brittle nature. Design provisions for determining appropriate development or splice
lengths of FRP reinforcing bars in UHPC, are however currently not available.
Experimentally obtained average bond strengths are thus required to determine
appropriate development or splice lengths.
The bond resistance of an FRP bar in UHPC, R, is
[4.11] R = db le ū
where ū is the average bond strength and le is the embedded length. The splice length, ls
must equal 1.3ld according to Cl. 16.8.4.2 of CSA (2006a). The commentary (CSA
2006b) states that this requirement is consistent with the recommendations of ACI 440
(2007) which in turn are based on conventional rules for steel reinforcement for steel
reinforcement. According to ACI 408 (2003), the increased splice length in relation to the
development length is not a strength requirement, but rather an incentive to encourage
designers to stagger splice length locations. The bond resistance for a splice of length l s is
therefore obtained by replacing le with ls in Equation [4.11], neglecting the 1.3 factor.
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4.2.2 Empirical Design Method
The Empirical Design Method accounts for arching action present in suitably restrained
decks (CSA 2006b). For this design method to be applicable, S6-06 Cl. 16.8.8.1 (CSA
2006a) requires that certain requirements be met to ensure that arching action occurs.
Deck slabs must be bounded by exterior composite supporting beams and must not
exceed a maximum ratio of supporting beam spacing to deck slab thickness.
The bottom transverse reinforcement ratio required by the Empirical Design Method in
Cl 16.8.8.1 of S6-06 (CSA 2006a) is
[4.12] ρFRP=

500
EFR

For EFRP of 40000 and 60000MPa, this yields ρFRP of 0.00125 and 0.0083, respectively.
The ratio for all other deck reinforcement is (CSA 2006a)
[4.13] ρFRP≥ 0.0035
4.2.3 Comparison Between the Empirical and Flexural Design Methods
Figure 4.3 shows the variation of ρFRPb with fc’, Equation [4.5], and the minimum
empirical reinforcement ratios given by Equations [4.12] and [4.13] for a 16mm diameter
bar. The range of specified compressive strength is 30-85MPa because Cl. 8.4.1.2 of S606 (CSA 2006a) specifies a minimum fc’ of 30M a for bridges while Cl. C4.8.1.2 of
S6.1-06 (CSA 2006b) specifies that the structural response of concrete can be adequately
predicted for concretes with fc’ less than 85M a using Equations [4.2] and [4.3]. The
Young’s Modulus and ultimate GFR tensile strengths of both Low Modulus (LM) and
High Modulus (HM) bars to derive the figure are presented in Table 4.1.
The ρFRPb for LM bars are greater than those for HM bars for a given fc’. This is due to
the lower fFRPu of LM bars which requires larger areas to equilibrate a given force, in
comparison to an HM bar. For a given fc’, a smaller quantity of HM bars is required to
cause the preferred concrete-crushing failure. The associated stress at failure will be
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higher than that causing balanced failure for LM bars. This will require longer splice
lengths for HM bars in the UHPC in-fill joints.

1.6

Reinforcement Ratio (%)

Equation [4.5]:Factored LM ρFRPb

Equation [4.12]:Min
transverse bottom
LM ρ

1.4
1.2

Equation [4.5]:
Factored HM ρFRPb

1
0.8

Equation [4.12]:Min
transverse bottom
HM ρ

0.6
0.4
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Equation [4.13]:Minimum ρ
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Figure 4.3 - Reinforcement Ratio Required for Concrete Crushing Failure for db=16mm
Sand-coated GFRP Bars
Table 4.1 – 16mm Diameter GFRP Reinforcing Bar Properties (Pultrall 2011a, Pultrall
2011b)
LM
HM

EFRP (MPa)
42500
62600

fFRPu (MPa)
804
1184

The balanced reinforcement ratio increases with fc’ because larger bar areas are required
to equilibrate the larger compressive forces that result, Equation [4.5]. The reinforcement
ratios required based on the Empirical Method of Design, however, are independent of
fc’. The mode of failure, whether tension or compression-initiated, can therefore be
anticipated in the Flexural Design Method and thus the consequence of failure
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accommodated in design provisions as seen with the more stringent requirements for the
brittle tension-initiated failures in S6-06 (CSA 2006a) and ACI 440.1R-06 (ACI 440
2006).
In contrast, though both compression and tension-initiated failures can occur for fc’
greater than 30MPa for the given Empirical Design reinforcement ratios, the consequence
of failure seems unaccounted for. For both LM and HM bars, a tension-initiated failure
occurs for transverse reinforcement for fc’>68M a, and for all other reinforcement while
a compression-initiated failure occurs for transverse reinforcement for fc’<68M a. The
same equation, Equation [4.12], however applies to both types of failures for the
transverse reinforcement.
Using the Flexural Design Method, bar stresses due to applied loads or corresponding to
concrete crushing can be determined from mechanics. Splice lengths may be determined
based on these actual stresses, if so desired, rather than the ultimate bar strength as is
conventionally done (CSA 2006a).
Using the Empirical Design Method, the available literature does not provide a means for
determining bar stresses at failure. Splice lengths must therefore be determined
conventionally, i.e. based on the ultimate bar tensile strength.
4.2.4 Summary of Design Methods
Figure 4.10 presents a flow chart for the design of GFRP-reinforced bridge decks based
on the Flexural Design Method. In the figure, Tf is the factored applied tension, Ts is the
tension due to service loads and k is the ratio of the elastic neutral axis depth to the
effective depth. The crack width requirements in S6-06 (CSA 2006a) at Serviceability
Limit States govern the design for most portions of the bridge deck. It is therefore
proposed in the procedure shown that the serviceability requirements be checked before
the Ultimate Limit State requirements. The main steps in the flow chart are as follows:
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Calculate Mf, Tf, Ms, Ts and Vf.
Assume bar diameter and
spacing. Choose cover.

Determine d and calculate k.
Determine fFRP due to service loads.

fFRP< FSLSfFRPu?

No

Increase db, reduce
bar spacing or both

Yes
No

wcr< allowable?
Yes
Calculate Mcr . Determine C and the
corresponding εFRP and calculate Mr.

CIF-Mr>Mf?
TIF-Mr>1.5Mf?
Mr>1.5Mcr?

No

Increase db, reduce bar
spacing, or increase h
(in any combination)

Yes
J>4.0?

No

Yes
Vr>Vf?

No

Yes
Determine ls based on MYes
f
Figure 4.4 - Flow Chart for Flexural Design Method

Add shear
reinforcement
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1. Determine the load effects due to specified and factored loads and assume a bar
diameter and spacing.
2. Determine fFRP due to specified loads and compare it to the maximum permitted
service stress.

lso determine εFRP and check crack width requirements. If db is

increased, h is increased or the bar spacing is reduced.
3. After this step, there is no need to re-check these requirements as either will
reduce fFRP and εFRP.
4. Determine Mcr and Mr and compare them to the flexural requirements.
5. Determine the overall performance factor, J, and compare it to the limiting value
of 4.0.
6. Determine the shear resistance, Vr, and compare it to the factored applied shear,
Vf.
7. Determine ls based on Mf.
Examples developed using this procedure are presented in Appendix E.
The steps to follow when the Empirical Design Method is used are as follows:
1. Satisfy the requirements of Cl. 16.8.8.1 which includes the presence of exterior
composite beams and the maximum slab span-to-thickness ratio.
2. Compute AFRP.
3. Design the transverse joints over piers and exterior longitudinal joints using the
Flexural Design Method. Compute the splice lengths for the remaining UHPC
joints based on fFRPu.
4.3 EXTRAPOLATION OF AVERAGE BOND STRENGTHS
As shown by Equation [4.11], average bond strengths are required to determine splice
lengths. For sand-coated bars, average bond strengths from experimental tests by others
were limited to embedded or splice lengths less than 300mm for 16mm diameter bars,
134mm for 19mm diameter bars, and no data were obtained for 25mm bars. For grooved
GFRP bars, data were limited to embedded lengths less than 200mm for 16mm diameter
bars and no data were obtained for 19 or 25mm bars. Most bridges with GFRP
reinforcement usually have large diameter bars, typically 19 or 25mm, and 16mm
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diameter bars to obtain desirable bar spacings (e.g., Eisa et al. 2008, Benmokrane et al.
2006, Benmokrane et al. 2007a, Benmokrane et al. 2007b).
For all these investigations, fFRPu was not attained in the test. Because of the nonuniformity of bond stresses along embedded lengths, average bond strengths can only be
determined accurately through experimental tests. Extrapolation of the average bond
strengths was therefore necessary to estimate the average bond strength for longer splice
lengths.
Figure 4.5 shows the extrapolated ū for 16mm sand-coated spliced bars using data from
UHPC slab beam specimens tested by Hossain et al. (2011). Exponential, linear,
logarithmic, polynomial and power functions were considered for the extrapolation. Bond
data from the experimental tests are indicated by square markers at ls=150, 225 and
300mm. Since the regression analysis results from Chapter 2 indicated that ū is not
significantly influenced by fc’ for these specimens, the ū for each ls is the average for
specimens with different fc’. The average bond strength, ū, decreases with increased ls
but cannot be negative. The linear and logarithmic extrapolations are therefore unsuitable
because they predict negative ū values for ls>500mm and ls>650mm respectively. The
polynomial extrapolation is also unsuitable because it predicts increasing ū with
increasing ls for ls>400mm. The power and exponential extrapolations are the most
suitable for the given ls range.
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Figure 4.5 - Extrapolated Curves of Average Bond Strengths of 16mm Diameter HM
GFRP Sand-Coated Bars

Figure 4.6 shows the extrapolated ū using exponential and power functions and lower and
upper bound ū curves. The lower bound curve shown was obtained by assuming the bar
force obtained for the highest available ls of 300mm remains constant at higher embedded
lengths. The actual ū for ls>300mm will likely be greater than the values shown for the
lower bound curve since the bar force at bond failure is expected to be higher than that
for ls=300mm. The upper bound curve is obtained by assuming ū observed for ls=300mm
remains constant for higher ls values. It is upper bound because ū for ls>300mm is
expected to be lower than ū for ls=300mm.
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Figure 4.6 - Comparison of Extrapolated Average Bond Strengths with Lower Bound and
Upper Bound Average Bond Strengths

Extrapolation of ū using the exponential function results in values less than those of the
lower bound curve and hence is not appropriate. The power function extrapolation
predicts ū values slightly higher than those of the lower bound curve and less than those
of the upper bound curve. It is the most appropriate to extrapolate the ū values, and thus
was used. The power function extrapolation is
[4.14] ū=1216 ls -0.824
Average bond strengths were extrapolated in similar manners for 16mm and 19mm
diameter sand-coated LM and HM bars based on test data from Hossain et al. (2011)
using RILEM Beam specimens.

power function was used to extrapolate ū because it

consistently predicted values between the lower and upper bound curves. The power
functions used for the extrapolation are presented in Table 4.2.

Table 4.2 - Equations for Average Bond Strength Extrapolation
db=16mm
HM
LM

[4.15] ū=134.8 le -0.471
[4.16] ū=122.4 le -0.398

db=19mm
[4.17] ū=25.89 le -0.137
[4.18] ū=140.8 le -0.419
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Figures similar to Figures 4.5 and 4.6, which show in detail the bases of Equations
[4.15]-[4.18] are presented in Appendix D.
4.4 SPLICE LENGTH BASED ON THE FLEXURAL DESIGN METHOD
Figure 4.7 presents the longitudinal and transverse cross sections of a bridge deck that
was used to obtain actual bar stresses to determine splice lengths and resistance factors. It
was proportioned primarily based on S6-06 (CSA 2006a).The deck consists of precast
panels reinforced with sand-coated HM GFRP bars with UHPC in-fill joints. The bridge
is a 2-span continuous bridge with 40m spans, 3000mm girder spacings and 1525mm
overhangs. The deck panels are 230mm thick and have fc’ of 40M a. The asphalt overlay
is 90mm thick. Longitudinal joints are located over the girders and transverse joints run
across the longitudinal cross section. Standard barrier dimensions corresponding to
Performance Level 3 in CSA (2006a) were assumed.
4.4.1 Design of Transverse Joint over Piers
Table 4.3 presents the longitudinal moments over the middle support for the critical
exterior longitudinal girder. The live load moments were determined based on a moving
load analysis conducted using SAP 2000 (Computers and Structures Inc. 2009). The
critical longitudinal moments per girder were obtained using the simplified method of
analysis in Section 5 of S6-06 (CSA 2006a).
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Figure 4.7 - Bridge Deck Cross-Sections: (a) Transverse; (b) Longitudinal
(All dimensions are in mm)

Table 4.3 - Critical Longitudinal Moments over Middle Support Due to Specified Loads
Load Type
Live Load
Asphalt (DL)
Barrier (DL)
Total (SLS)
Total (ULS)

Moment (kNm per girder)
-2990
-1160
-1010
-5160
-7930

Load factor at ULS
1.7
1.5
1.1
-

Figure 4.8 shows the composite cross section and the corresponding linear elastic stress
distribution for an applied moment causing a stress

/nFRP in the top layer of FRP

reinforcement. The effective width of the deck panel is 3000mm and clear cover of
35mm was assumed at both top and bottom deck surfaces. The steel girder is classified as
Class 2 for local buckling, as calculations in Appendix E indicate. The self weight of the
deck and the bare steel girder is assumed carried by the bare steel girder only, and thus
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does not stress the GFRP reinforcement. The total stress in the critical top steel flange
under factored loads, Fs, is less than φFy, thus the assumption of linear-elastic response is
validated.
Longitudinal Bars Top: 19mm@100mm
Bottom: 16mm@ 300mm
3000
nFRP 0.86 nFRP
0.81
55x550
Transverse Bars
Top: 19mm@100mm
Bottom: 16mm@
300mm

0.76
14x1650
y =767

60x600

0.72
0.78
(a)

(b)

Figure 4.8 - (a) Composite Cross-Section; (b) Elastic Stress Distribution
(All dimensions are in mm, nFRP=Es/EFRP)
The procedure summarized in Section 4.3 for the Flexural Design Method was followed.
The cracking moment, Mcr was compared to the yield moment of the composite crosssection at yield of the extreme top flange fiber, My, since the cross-section response was
confirmed to be linear-elastic. Deformability was not checked since this requirement does
not apply to composite cross-sections with steel girders.
Table 4.4 summarizes the key features of the design. It is the second moment of area of
the transformed cross-section.
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Table 4.4 - Design of Transverse Joints over Piers
Parameter
GFRP Reinforcement
It
My
Mcr
fFRP due to Mf
Critical Fs (ULS)
fFRP(SLS)
εFRP(SLS)

Value
19mm@120mm c/c
4.4x1010mm4
17887kNm
113kNm
57.3MPa
247MPa
<57.3MPa
<0.0009

Code Check
My>1.5Mcr=170kNm OK
fFRP<φFRPfFRPu=553MPa OK
Fs<φsFy=333MPa OK
fFRP<FSLSfFRPu=276MPa OK
εFRP(SLS)<0.0015 OK

4.4.2 Design of Longitudinal Joint over Interior or Exterior Girders
Table 4.5 presents the transverse moments and tensions obtained from the analysis.
Transverse moments and tension for the exterior girder are presented separately, for the
interior portion of the bridge deck where load effects due to horizontal loads on barriers
disperse in two directions, and for the end portion of the bridge deck where load effects
due to horizontal loads on barriers disperse in only one direction.

Table 4.5 - Transverse Moments and Tension over Middle Support Due to Specified
Loads
Load
Effect

Load Type

Live Load
Asphalt (DL)
Deck (DL)
Moment
(kNm/m) Barrier (DL)
Total (SLS)
Total (ULS)
Tension Live Load (SLS)
(kN/m) Live Load (ULS)

Interior
Girder
-35.3
-1.9
-5
-42
-68
-

Exterior Girder
Interior
End
-47.6
-62.7
-1.1
-1.1
-6.4
-6.4
-13.4
-13.4
-68.5
-83.6
-104.3
-130
69.3
87.5
117.8
149

Load factor at ULS
1.7
1.5
1.1
1.1
1.7

Figure 4.9 shows the cross section of the precast panel over an interior or exterior
longitudinal joint and the corresponding stress distribution due to factored loads. The
procedure summarized in Section 4.3 for the Flexural Design Method again was
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followed. The maximum GFRP stress at SLS, fFRP, was obtained by an elastic-cracked
section analysis neglecting the applied tensile force, which is small. The tensile force
present was then divided equally between all GFRP bars in the cross section. The
additional GFRP tensile stress due to the tensile force was added to that induced by the
applied service moment to obtain the total GFRP stress.

Longitudinal Bars

Transverse Bars
φFRPfFRP

230

d

a
φcα1fc’

fFRP
d

kd
fc

fc

1000
(a)

(b)

(c)

Figure 4.9 - (a) Longitudinal Deck Cross-Section; (b) Stress Distribution at ULS; (c)
Stress Distribution at SLS

Table 4.6 summarizes the key features of the design for interior longitudinal joints, which
was governed by crack widths at Serviceability Limit States (εFRP) and not ULS.

Table 4.6 - Design of Interior Longitudinal Joints
Parameter
Reinforcement Area
Ig

Value
19mm@100mm c/c
1.01x109mm4

fFRP(ULS)

634MPa

Mr
Mcr
fFRP(SLS)
εFRP(SLS)
J

133.6kNm/m
22.3kNm/m
96MPa
0.00148
4.97

Code Check
fFRP<fFRPu=1105MPa, Concrete Crushing
governs
Mr>Mf=68kNm/m OK
Mr>1.5Mcr=33.45kNm/m OK
fFRP<FSLSfFRPu=276MPa OK
εFRP(SLS)<0.0015 OK
J>4.0 OK
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4.5 SPLICE LENGTHS AND RESISTANCE FACTORS
The splice lengths and resistance factors required to meet target reliability indices are
presented in this section. The calculation procedure, equations used and results obtained
are presented. Separate values are computed and compared for splices designed to resist
the actual bar stress at factored loads and those designed to resist the mean tensile
strength. Splice lengths and resistance factors were determined to satisfy annual β values
of 4.0 and 4.25. Since all the failure modes for a GFRP-reinforced bridge deck are
essentially brittle, the β values were chosen to be greater than those for a ductile failure in
bridge decks for S6-06 (CSA 2006a), 3.75.
4.5.1 Values for Actual Bar Stresses
The calculation procedure is described below. Equations [4.19]-[4.26] and [4.28] were
obtained from Bartlett (2000).
1. The mean dead load forces and their coefficients of variation are computed from the
nominal dead load forces accounting for the uncertainty of the dead load and the lateral
distribution of the dead load effect. The mean is:
[4.19] Di =

WDi

Di Di

where: Di and Di are the nominal and mean bar forces, respectively, due to Dead Load
type i; and

WDi

and

Di

are the bias coefficients of the load itself and the analysis,

respectively, for Dead load type i. Dead Load Type 1 is the precast concrete deck, Dead
Load Type 2 is the barrier wall and Dead Load Type 3 is the asphalt. The coefficient of
variation for each type of Dead Load, vDi , is:
[4.20] vDi = vWDi 2 v
where vWDi and v

Di

Di

2

are the coefficients of variation of the load itself and the analysis,

respectively, for Dead Load Type i.
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2. The mean live load force and its coefficient of variation are computed from the
nominal live load force accounting for the uncertainty of the live load and the lateral
distribution of the live load effect. The mean is:
[4.21] L =

L L(1

WL

I I)

where: L and L are the nominal and mean bar forces, respectively, due to the live load;
WL

and

and I and

L

are the bias coefficients for the live load itself and the analysis, respectively,

I

are the dynamic load allowance and its bias coefficient, respectively. The

coefficient of variation of the live load effect, vL , is:
I2

[4.22] vL = vWL 2 v

L

where: vWL and v

are the coefficients of variation of the load itself and the analysis,

L

2

v
1 I2 I

2

respectively; and vI is the coefficient of variation of the dynamic load allowance.
3. The mean total bar force, S, is calculated using
[4.23] S = Di

L

4. The standard deviation of the mean bar force due to the total load effect,
(

2

[4.24]

s=

where

Di =vDi Di

Di

)

and

L

s,

is:

2

L=

vL L are the standard deviations of the bar forces due to Dead

Load type i and the Live Load, respectively. The coefficient of variation of the total bar
force, vs , is:
[4.25] vs =

s

S

5. The reliability index, β, is computed as
[4.26] β=

ln R- ln S
vR 2 vs 2
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where R, the mean bond resistance, is
[4.27] R = db le ū
and vR is the coefficient of variation of bond resistance. The variables db and le were
assumed to be deterministic in Equation [4.27].
6. To determine le for a 19mm HM bar for a given target reliability index, βT, le was
chosen and ū was determined based on Equation [4.17] such that R from Equation [4.27]
just satisfies the target reliability index, Equation [4.26].
lternatively, a bond resistance factor, φb, may be determined for a given βT and used to
determine the required le. The bond resistance factor, φb, is given as
[4.28] φb =
where

R

αi Si
S

exp[-βT vR 2 vS 2 ]

is the bias coefficient of bond resistance assumed equal to 1.0, Si is the nominal

R

bar force due to load type i and αi is the load factor for load type i at ULS, as given in
Tables 4.2 and 4.4.
The embedded length, le, for a given bond resistance factor, φb, is
[4.29] le=

Tf

φb d b ū

where Tf is the bar force due to factored loads or the minimum guaranteed tensile
strength of the bar.
For a 19mm HM bar, ū is eliminated using Equation [4.17] to yield

[4.30] le=

Tf

-0.863

25.9φb db

Table 4.7 presents a summary of the statistical parameters used in the reliability analysis.
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The concrete barrier, even though a Dead Load Type 2, was assumed to have tolerances
similar to Dead Load Type 1 given the manner in which it is cast, and thus assigned

and

v values corresponding to Dead Load Type 1. The range of vR values was chosen based
on pullout tests of FRP bars in NSC carried out by Baena et al. (2009). The least value of
0.06 was chosen because it was the greatest vR obtained for sand-coated GFRP bars
where interlaminar bond failures occurred. The greatest value of 0.20 was chosen because
it was the greatest vR value obtained for all the FRP bars tested, corresponding to a CFRP
bar with a textured surface that failed in bond at the concrete-bar interface.

Table 4.7 - Statistical Parameters
Variable
Dead Load Types 1 and 2
1.03
Dead Load Type 3
1.03
Dead Load Analysis
1.00
Live Load
1.29
Live Load Analysis (Simplified) 0.93
Live Load Analysis (Rigorous) 0.98
Dynamic Load Allowance
0.375
Bond Resistance
1.0

v
Source
0.08
CSA 2000
0.3
CSA 2000
0.07
Bartlett et al. 2003
0.0415
CSA 2000
0.12
CSA 2000
0.07
CSA 2000
0.80
CSA 2000 and CSA 2006a
0.06-0.20
Baena et al. 2009

4.5.1.1 Summary of Results
Tables 4.8(a), 4.8(b) and 4.8(c) summarise the splice lengths and resistance factors
obtained in the reliability analysis for the transverse joint over piers, interior longitudinal
joints and exterior longitudinal joints, respectively. The analyses were carried out for
β=4.0 and 4.25. The lowest splice lengths were obtained for the transverse joint over
piers because the critical GFRP bar stress due to Mf was low for this joint. The highest
splice lengths were observed for the exterior longitudinal joints and ranged from 103 to
194mm. The reinforcement in this joint was governed by crack control requirements, and
causes the predicted crack width to be 4% higher than the code specification. The
corresponding Mr is 28% greater than Mf. These splice lengths are thus maximum values
that can be expected for 19mm bars in a typical bridge deck.
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Table 4.8(a) - Splice Lengths and Resistance Factors for Transverse Joint over Piers
vR
0.06
0.1
0.15
0.2

β=4.0
ls (mm)
19
21
25
30

φb
0.84
0.77
0.66
0.55

vR
0.06
0.1
0.15
0.2

β=4.25
ls (mm)
19
22
26
32

φb
0.82
0.74
0.63
0.52

Table 4.8(b) - Splice Lengths and Resistance Factors for Interior Longitudinal Joint
vR
0.06
0.1
0.15
0.2

β=4.0
ls (mm)
56
62
72
86

φb
0.89
0.82
0.72
0.61

vR
0.06
0.1
0.15
0.2

β=4.25
ls (mm)
59
65
76
93

φb
0.85
0.79
0.68
0.58

Table 4.8(c) - Splice Lengths and Resistance Factors for Exterior Longitudinal Joint
vR
0.06
0.1
0.15
0.2

β=4.0
ls (mm)
103
119
147
183

φb
0.91
0.80
0.67
0.56

vR
0.06
0.1
0.15
0.2

β=4.25
ls (mm)
106
124
154
194

φb
0.89
0.78
0.65
0.53

The maximum increase in ls resulting from increasing β from 4.0 to 4.25 for a given vR
value and joint type is 11mm.

higher reliability index (β=4.25) may thus be achieved

with little increase in splice length.
Increasing vR from 0.06 to 0.2 for a given β value and joint type results in a change in l s
ranging from 11 to 88mm. The value of vR may thus significantly influence the splice
length required.
There is little difference between φb values for a given β and vR value for the three
different joints presented, the largest difference being 0.07.
value can thus be chosen for all three joints.

single representative φb
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The maximum decrease in φb resulting from increasing β from 4.0 to 4.25 for a given vR
value and joint type is 0.04.

higher reliability index (β=4.25) may thus be achieved

with a minor decrease in φb.
Increasing vR from 0.06 to 0.2 for a given β value and joint type results in a change in φb
ranging from 0.27 to 0.36. The value of vR thus significantly influences φb.
For the interior longitudinal joints, the crack width requirements for aggressive
environments (wcr<0.5mm) could not be satisfied initially even when Mr was 50% greater
than Mf, so the reinforcement ratio therefore had to be increased. For the cross-sections
where Mf is resisted by only the GFRP-reinforced concrete decks, crack width
requirements governed the design and thus the splice length required. The bar stresses
due to Mf were thus markedly lower than the ultimate tensile strength of the bars. This
makes designing GFRP bar splices to withstand actual bar forces due to Mf rather than
the ultimate tensile strength one worth considering.
Assuming a vR value of 0.15 based on the coefficient of variation of 15.8% for the
equation for determining the developable bar stress in an FRP bar in NSC for a given l e in
ACI 440.1R-06 (ACI 440 2006), the least φb obtained from the analyses is 0.63. Dividing
0.63 by 1.3, the value that le is conventionally multiplied by to obtain ls, gives a value of
0.5. A bond resistance factor of 0.5 is thus proposed for the design of splice lengths of
19mm HM GFRP bars designed for specific bar stresses. Embedded lengths should be
assumed equal to ls for such designs. Even though multiplying le by 1.3 to obtain ls is not
based on strength requirements, it is factored into determining the value of φb to
introduce conservatism into calculated ls values.
4.5.2 Splice Lengths and Resistance Factors Required to Develop the Mean Tensile
Strength of HM GFRP Bar (fFRPu)
The splice lengths and resistance factors in this section were determined to meet target
reliability indices of 4.0 and 4.25. In calculating l s and φb, both the mean bar force, S, and
the factored bar force, αiSi were assumed equal to fFR u AFRP, where AFRP is the bar area
and fFR u is the mean bar tensile strength, given as (ACI 440 2006)
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[4.31] fFR u = fFRPu 3
where

FRPu

FRPu

is the standard deviation of the bar tensile strength. The coefficient of

variation of the mean bar force, vS, was also replaced by vFR u , the coefficient of
variation of the bar tensile strength. The value of vFR

u

for LM GFRP bars obtained by

Robert et al. (2009), 0.069, was used in the reliability analysis.
Table 4.9 presents the results of the reliability analysis to determine splice lengths and
resistance factors based on fFR u . The long splice lengths required, ranging from 947 to
1757mm, are impractical. These are significantly greater, over 800%, than the
corresponding splice lengths for the exterior longitudinal joints when β=4.25, as shown in
Figure 4.10.

Table 4.9 - Splice Lengths and Resistance Factors: Design for Mean Tensile Strength of
Bar
vR
0.06
0.1
0.15
0.2

β=4.0
ls (mm)
947
1088
1332
1652

φb
0.69
0.62
0.52
0.43

vR
0.06
0.1
0.15
0.2

β=4.25
ls (mm)
972
1127
1398
1757

φb
0.68
0.60
0.50
0.41

Increasing vR from 0.06 to 0.2 for a given β value results in a change in ls of 705 and
785mm. The value of vR thus significantly influences the splice length required.
The φb values are slightly lower when splice lengths are determined based on fFRPu
instead of Mf mainly because the ratio of factored to mean loads was 1.0 for the former
and greater than 1.0 for the latter.
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Figure 4.10 - Variation of Splice Length with vR (β=4.25)
The least φb value obtained in the analyses is 0.5 for a vR value of 0.15. It is proposed that
this value be used for designing splice lengths to develop the ultimate tensile strength of a
19mm HM GFRP bar. The 1.3 factor usually used to calculate splice lengths from
development lengths should not be considered in such designs, given the impractical
values that are obtained even without the 1.3 factor.
4.6 CONCLUSIONS
The Flexural and Empirical Design Methods for FRP-reinforced bridge decks in S6-06
(CSA 2006a) were discussed and compared. A design methodology was developed for
the Flexural Design Method. Average bond strengths were extrapolated based on existing
bond data and a High-Modulus GFRP-reinforced bridge deck with precast panels and
UHPC in-fill joints was designed. A reliability analysis was then carried out to
determined splice lengths and bond resistance factors based on the extrapolated average
bond strengths. The analysis was based on actual bar stresses computed at Ultimate Limit
States and the ultimate tensile strength of the GFRP bar. The splice lengths and resistance
factors corresponding to both stress magnitudes were compared. The conclusions arrived
at are as follows:
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1. When the bar stress at factored load levels is much less than the ultimate tensile
strength, such as when concrete crushing is the governing flexural failure mode, or
particularly when crack control at Serviceability Limit State governs, designing splices
for the actual bar stresses due to the factored demands instead of the ultimate tensile
strength of the bar will markedly reduce the splice length. However, to take advantage of
this benefit, the Flexural Design Method in S6-06 (CSA 2006a) must be used.
2. A bond resistance factor of 0.5 is proposed for the design of 19mm HM GFRP splices
in UHPC in-fill joints. This value is based on a coefficient of variation for the bond
resistance of 15%. The required embedded length obtained using this bond resistance
factor should be assumed equal to the splice length, i.e., without multiplying the
embedded length by 1.3 as is conventionally done, given that the 1.3 factor is implicitly
included in the bond resistance factor.
3. Available bond tests of GFRP bars in UHPC are insufficient to determine splice
lengths and bond resistance factors accurately. The extrapolation procedure adopted
should be replaced by more testing, with enough replicates to determine the coefficient of
variation of the bond resistance, as it is the most influential parameter concerning the
splice length and resistance factor.
4. The Flexural Design Method as currently presented in S6-06 (CSA 2006a) indicates
the nature of the failure mode, whether tension- or compression-initiated, and accounts
for the consequence of failure by providing stringent requirements for the more brittle
tension-initiated failures. The Empirical Design Method in S6-06 seems not to account
for the nature of the flexural failure and so does not provide more stringent requirements
for tension-initiated failures.
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5 SUMMARY AND CONCLUSIONS
5.1 SUMMARY
This research focussed on optimizing Ultra-High Performance Concrete (UHPC) joints
between Glass Fiber Reinforced Polymer (GFRP)-reinforced precast panels in bridge
decks by minimizing the joint width, and thus splice length, using a simplified bar
arrangement. The use of precast deck panels accelerates the construction of new and
replacement of existing concrete bridge decks while the non-corrosive nature of GFRP
bars improves the durability of bridge decks. UHPC allows the implementation of narrow
joint widths with simplified bar arrangements due to its enhanced bond characteristics.
Experimental tests have been carried out with GFRP-reinforced precast panels and UHPC
in-fill joints. Optimization of these joints is required, however, to save costs, given the
high cost of UHPC, while ensuring safety, hence the need for this research.
Chapter 2 reviewed the literature related to bond of GFRP bars in UHPC. The properties
of UHPC and GFRP reinforcing bars, the mechanism of bond transfer for deformed and
sand-coated bars and the bond failure modes they exhibit were summarized. The
influence of concrete compressive strength and bar surface characteristics on the average
bond strength of steel and GFRP reinforcing bars in concrete were discussed and
compared. The significant parameters that influence the average bond strength of GFRP
bars in UHPC were then determined using multiple linear regression analysis of existing
bond data.
Chapter 3 investigated the influence of different parameters, primarily modular ratio, on
bond stress distribution in pull-out specimens using linear-elastic finite element analysis.
A no-slip condition was imposed between the reinforcing bar and the concrete. Steel and
HM GFRP reinforcing bars, and UHPC and Normal Strength Concrete (NSC) were
investigated to obtain specimens with different modular ratios. The effect of modular
ratio, embedded length, bar diameter and concrete cover on the maximum bond stress and
the effective bonded length were investigated, and the results compared to experimental
tests conducted by others.
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A methodology for GFRP reinforcement design that is a synthesis of provisions from the
Flexural Design Method in S6-06 (CSA 2006a), including an additional step to determine
bar splice lengths in UHPC, was proposed in Chapter 4. Splice lengths and resistance
factors for HM GFRP bars in UHPC in-fill joints were determined. The Empirical
Method, also permitted by CSA (2006a), was discussed and compared to the Flexural
Design Method. Transverse and longitudinal joints of GFRP-reinforced precast panels
were designed according to the Flexural Design Method. Reliability analyses were
conducted to determine splice lengths and resistance factors that meet target reliability
indices. The splice lengths and resistance factors were determined based on actual bar
stresses induced by applied loads at Ultimate Limit States, and based on the mean
ultimate tensile strength of a GFRP bar. The splice lengths and resistance factors obtained
were compared and a suitable bond resistance factor recommended for the design of HM
GFRP bar splices in UHPC in-fill joints.
5.2 CONCLUSIONS
The conclusions from the literature review carried out in Chapter 2 are as follows:
1. The average bond strengths of reinforcing bars are higher in Ultra-High Performance
Concrete (UHPC) compared to Normal Strength Concrete.
2. The most significant parameters that influence the average bond strength of sandcoated Glass Fiber Reinforced Polymer (GFRP) bars in UHPC are the embedded length
and the Young’s Modulus of the reinforcing bar. An increase in either of these
parameters leads to a decrease in the average bond strength.
3. The average bond strength of GFRP bars is lower than that of steel bars in concrete
with a given strength. This has been attributed to the lower Young’s Modulus of GFRP
bars. It would therefore have been expected that a decrease in the Young’s Modulus of a
GFRP bar would have resulted in a decrease in its average bond strength. The literature
review however indicated that sand-coated Low Modulus (LM) GFRP bars had higher
average bond strengths than sand-coated High Modulus (HM) GFRP bars.
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4. The bond failure mode for sand-coated GFRP reinforcing bars in UHPC is interlaminar
shear failure. This failure occurs within the layers of the composite GFRP bar and not at
the interface between the bar and the concrete, as is observed for steel reinforcing bars.
The average bond strength of sand-coated GFRP bars in UHPC therefore depends on the
interlaminar shear strength of the GFRP bar.
5. The specimen chosen for experimental bond tests of GFRP bars in UHPC, whether
pull-out, beam or slab beam, should reflect the particular application for which the test
results will be applied because different average bond strengths are obtained in different
specimens for a given set of parameters. Moreover, a particular parameter that influences
bond strength may have a significant effect in one type of specimen and an insignificant
effect in another. Slab-beam specimens were found to develop significantly higher
average bond strengths compared to beam and pull-out specimens.

Increasing the

compressive strength of UHPC also increases the average bond strength obtained in pullout specimens, but has an insignificant effect on the average bond strength in beam and
slab beam specimens. The optimization of splice lengths in UHPC in-fill joints between
precast panels should therefore be based on average bond strengths obtained from beam
or slab beam specimens since these specimens better represent splices in UHPC joints.
The conclusions from Chapter 3, concerning the influence of the modular ratio and other
factors on the bond stress distribution are as follows:
6. As the modular ratio decreases, higher maximum bond stresses are developed and the
bond is transferred over a shorter effective length. An HM GFRP-in-UHPC pull-out
specimen, which has a modular ratio of 1.3, therefore develops higher maximum bond
stresses compared to steel-in-NSC, which has a modular ratio of 8.1.
7. The bond stress distribution does not vary significantly with embedded length for a
given applied load. The average bond strength, commonly used to quantify bond
capacity, however varies significantly with embedded length. The average bond strength
is therefore not representative of the actual bond response.
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8. For a given average bond stress, an increase in the bar diameter results in a decrease in
the maximum bond stress. The decrease occurs due to the increase in relative rigidity of
the bar, which results in a more uniform bond stress distribution. The bar diameter had a
more significant effect on the maximum bond stress than the pull-out cylinder diameter,
even though the cylinder diameters investigated had a more significant effect on the
relative rigidity.
The conclusions from Chapter 4 concerning splice length optimization are as follows:
9. Designing GFRP bar splices in UHPC joints for the actual stresses under factored
loads rather than the ultimate tensile strength of the bar results in markedly lower splice
lengths because the actual stresses are typically much lower than the ultimate tensile
strengths, particularly when crack control at Serviceability Limit States governs the
design. The splice lengths may also be reduced when a compression-initiated flexural
failure governs the flexural resistance. Designing bar splices for the actual bar stresses
corresponding to factored flexural demands is however possible only when the Flexural
Design Method is employed.
10. A bond resistance factor of 0.5 is proposed for the design of 19mm HM GFRP splices
in UHPC in-fill joints. This value is based on a coefficient of variation of the bond
resistance of 15%. The required embedded length obtained using this bond resistance
factor should be assumed equal to the splice length, i.e., without multiplying the
embedded length by 1.3 as is conventionally done, because the 1.3 factor is implicitly
included in the bond resistance factor.
11. Available bond tests of GFRP bars in UHPC are inadequate to quantify splice lengths
and bond resistance factors accurately. The extrapolation procedure adopted should be
replaced by more testing, with enough replicates to determine the coefficient of variation
of the bond resistance, as it is the most influential parameter determining the splice length
and resistance factor values.
12. The Flexural Design Method in S6-06 indicates the nature of the flexural failure
mode, whether tension or compression-initiated, that occurs in a bridge deck and
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accounts for the consequence of failure by providing more stringent requirements for the
more brittle tension-initiated failures. The Empirical Design Method seems not to account
for the nature of the flexural failure and so does not provide more stringent requirements
for tension-initiated failures.
5.3 RECOMMENDATIONS FOR FUTURE WORK
1. The influence of modular ratio on the bond stress along a reinforcing bar should be
investigated for beam specimens as they are more realistic than pull-out specimens given
current bridge deck construction practice. Cracked non-linear analysis should be
conducted, accounting for the non-linear response and tensile cracking strength of
concrete. Slippage of the reinforcing bar should also be accounted for, using bond stressslip relationships available in literature (e.g. Baena et al. 2009).
2. Further experimental testing on bond of GFRP bars in UHPC should be conducted
where the bar diameter, modulus and surface deformation are varied to quantify the effect
of these parameters on the average bond strength. A design equation should then be
developed to calculate required embedment and splice lengths for these bars.
3. Literature on FRP composites should be studied to better understand their interlaminar
shear properties.
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APPENDIX A AVERAGE BOND STRENGTHS OF GFRP AND STEEL BARS
IN UHPC
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This appendix summarizes bond data for GFRP and steel bars in UHPC. The regression analyses in Chapter 2 and the extrapolation of
average bond strengths in Chapter 4 were conducted based the data for GFRP bars in UHPC. In the tables, d b is the bar diameter, le is
the embedded length, ls is the splice length, fc’ is the specified compressive strength of concrete, c is the bar cover, ū is the average
bond strength, s is the bar spacing and ū’ is the average bond stress. Only Slab Beam and Panel + UHPC Joint Specimens had splices.

TABLE A.1 - GFRP Bar in UHPC
db
(mm)
16
16
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9

le
(mm)
20
40
48
48
48
48
48
48
48
48
48
48
48
48
48

fc'
(MPa)
Pull-Out Grooved (HM) 130
Pull-Out Grooved (HM) 130
RILEM Beam SC (LM)
128.6
RILEM Beam SC (HM)
128.6
RILEM Beam SC (LM)
147.8
RILEM Beam SC (HM)
147.8
RILEM Beam SC (LM)
174.5
RILEM Beam SC (HM)
174.5
Pull-Out
SC (LM)
128.6
Pull-Out
SC (HM)
128.6
Pull-Out
SC (LM)
128.6
Pull-Out
SC (HM)
128.6
Pull-Out
SC (LM)
147.8
Pull-Out
SC (HM)
147.8
Pull-Out
SC (LM)
147.8
Test type

Bar Type

c
(mm)
67
67
42
42
42
42
42
42
40
40
60
60
40
40
60

Replicates
2
3
-

ū
(MPa)
33.5
30.4
26
20.1
24
22.9
29.8
22.1
13.9
14.6
18.1
16.8
13.6
12.3
15.1

Reference
Schoeck 2007
Schoeck 2007
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
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TABLE A.1 - GFRP Bar in UHPC (Cont’d)
db
(mm)
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9

le/ls
(mm)
48
48
48
48
48
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80

Test type

Bar Type

Pull-Out SC (HM)
Pull-Out SC (LM)
Pull-Out SC (HM)
Pull-Out SC (LM)
Pull-Out SC (HM)
RILEM Beam SC (LM)
RILEM Beam SC (HM)
RILEM Beam SC (LM)
RILEM Beam SC (HM)
RILEM Beam SC (LM)
RILEM Beam SC (HM)
Pull-Out SC (LM)
Pull-Out SC (HM)
Pull-Out SC (LM)
Pull-Out SC (HM)
Pull-Out SC (LM)
Pull-Out SC (HM)
Pull-Out SC (LM)
Pull-Out SC (HM)
Pull-Out SC (LM)
Pull-Out SC (HM)
Pull-Out SC (LM)
Pull-Out SC (HM)

fc'
(MPa)
147.8
174.5
174.5
174.5
174.5
128.6
128.6
147.8
147.8
174.5
174.5
128.6
128.6
128.6
128.6
147.8
147.8
147.8
147.8
174.5
174.5
174.5
174.5

c
(mm)
60
40
40
60
60
42
42
42
42
42
42
40
40
60
60
40
40
60
60
40
40
60
60

Replicates
-

ū
(MPa)
14.9
20.1
20.4
23.1
19.4
20
17.4
21.3
17.9
20.8
16.4
14.3
13.3
14.1
14.3
10.5
8.8
11.6
11.1
16.2
11.2
18
12.5

Reference
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
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TABLE A.1 - GFRP Bar in UHPC (Cont’d)
db
(mm)
16
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
16
15.9

le/ls
(mm)
80
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
150
150
200
225

fc'
(MPa)
Pull-Out Grooved (HM) 130
RILEM Beam SC (LM)
128.6
RILEM Beam SC (HM)
128.6
RILEM Beam SC (LM)
147.8
RILEM Beam SC (HM)
147.8
RILEM Beam SC (LM)
174.5
RILEM Beam SC (HM)
174.5
Pull-Out
SC (LM)
128.6
Pull-Out
SC (HM)
128.6
Pull-Out
SC (LM)
128.6
Pull-Out
SC (HM)
128.6
Pull-Out
SC (LM)
147.8
Pull-Out
SC (HM)
147.8
Pull-Out
SC (LM)
147.8
Pull-Out
SC (HM)
147.8
Pull-Out
SC (LM)
174.5
Pull-Out
SC (HM)
174.5
Pull-Out
SC (LM)
174.5
Pull-Out
SC (HM)
174.5
Slab-Beam
SC (HM)
148.5
Slab-Beam
SC (HM)
153.4
Pull-Out Grooved (HM) 130
Slab Beam
SC (HM)
140
Test type

Bar Type

c
(mm)
67
42
42
42
42
42
42
40
40
60
60
40
40
60
60
40
40
60
60
50
50
117
50

Replicates
3
-

ū
(MPa)
24.5
18.9
17.5
20
7.9
18.7
18.4
11.7
10.6
12
8.3
12.3
8
11.4
10.2
17.2
11.9
16.2
10
19.1
19.9
18.4
13.7

Reference
Schoeck 2007
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Schoeck 2007
Hossain et al. 2011
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TABLE A.1 - GFRP Bar in UHPC (Cont’d)
db
(mm)
15.9
15.9
15.9
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1

le/ls
(mm)
225
300
300
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
96
96

Test type

Bar Type

Slab Beam
Slab Beam
Slab-Beam
RILEM Beam
RILEM Beam
RILEM Beam
RILEM Beam
RILEM Beam
RILEM Beam
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
RILEM Beam
RILEM Beam

SC (HM)
SC (HM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)

fc'
(MPa)
100.9
140
108.3
128.6
128.6
147.8
147.8
174.5
174.5
128.6
128.6
128.6
128.6
147.8
147.8
147.8
147.8
174.5
174.5
174.5
174.5
128.6
128.6

c
(mm)
50
50
50
41
41
41
41
41
41
40
40
60
60
40
40
60
60
40
40
60
60
41
41

Replicates
-

ū
(MPa)
14.4
10.1
12
25.3
17.2
24.3
15
27.5
12.8
17.4
10
15
8.9
16.9
10.6
13.6
10
20.9
16.5
21.6
23.1
21.9
13.5

Reference
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
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TABLE A.1 - GFRP Bar in UHPC (Cont’d)
db
(mm)
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19
19.1
19.1
19.1
19.1
19.1
19.1

le
(mm)
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
100
134
134
134
134
134
134

Test type

Bar Type

RILEM Beam
RILEM Beam
RILEM Beam
RILEM Beam
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
RILEM Beam
RILEM Beam
RILEM Beam
RILEM Beam
RILEM Beam
RILEM Beam

SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (?M)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)

fc'
c (mm) Replicates
(MPa)
147.8
41
147.8
41
174.5
41
174.5
41
128.6
40
128.6
40
128.6
60
128.6
60
147.8
40
147.8
40
147.8
60
147.8
60
174.5
40
174.5
40
174.5
60
174.5
60
140
128.6
41
128.6
41
147.8
41
147.8
41
174.5
41
174.5
41
-

ū
(MPa)
20.9
14.5
20.5
12.8
13.4
9.6
13.2
11.5
14.5
8.6
14.3
8.4
18.1
11.1
18.6
10.4
11.2
17.2
17.3
17.3
12.1
19.3
10.9

Reference
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Perry and Weiss 2010
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
Hossain et al. 2011
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TABLE A.1 - GFRP Bar in UHPC (Cont’d)
db
(mm)
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19

le
(mm)
134
134
134
134
134
134
134
134
134
134
134
134
150

Test type

Bar Type

Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out
Pull-Out

SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (LM)
SC (HM)
SC (?M)

fc'
(MPa)
128.6
128.6
128.6
128.6
147.8
147.8
147.8
147.8
174.5
174.5
174.5
174.5
140

c
(mm)
40
40
60
60
40
40
60
60
40
40
60
60
?

Replicates
-

ū
Reference
(MPa)
12.7
Hossain et al. 2011
7.7
Hossain et al. 2011
12.2
Hossain et al. 2011
6.3
Hossain et al. 2011
11.5
Hossain et al. 2011
6.8
Hossain et al. 2011
11.3
Hossain et al. 2011
6.7
Hossain et al. 2011
16
Hossain et al. 2011
7.5
Hossain et al. 2011
15.6
Hossain et al. 2011
9.7
Hossain et al. 2011
10.7 Perry and Weiss 2010
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TABLE A.2 – Steel Bar in UHPC
db
(mm)

le/ls
(mm)

Specimen
Type
Panel +
UHPC joint
Panel +
UHPC joint
Panel +
UHPC joint
Panel +
UHPC joint
Panel +
UHPC joint

fc'
(MPa)

16

100

16

100

16

100

16

100

16

80

16

100

16

c
s
ū’
Bars along Joint Replicates
(mm) (mm)
(MPa)

Failure Mode

150

51

210

none

2

30.4

Pull-out

150

51

210

8mm (CRC cover
=20mm)

2

32.1

Concrete Crushing

150

51

210

10mm

2

34

Concrete Crushing

150

51

210

8mm (CRC cover
=15mm)

2

32.9

Concrete Crushing

150

51

210

8mm

2

39.5

1 Concrete Crushing,
1 Pull-out

Pull-Out

>105

29

-

-

-

21.9

Pull-out

100

Pull-Out

>105

29

-

-

-

23.6

Pull-out

16

140

Pull-Out

>105

29

-

-

-

19.4

Fracture

16

140

Pull-Out

>105

29

-

-

-

19.4

Fracture

13

75

Pull-Out

219

192

-

-

-

29.5

Fracture

16

100

Pull-Out

219

192

-

-

-

28.7

Fracture

19

125

Pull-Out

219

192

-

-

-

27.6

Fracture

8

40

Pull-Out

170

51

-

-

3

50

Fracture

Reference
Harryson
2003
Harryson
2003
Harryson
2003
Harryson
2003
Harryson
2003
Aarup et al.
2000
Aarup et al.
2000
Aarup et al.
2000
Aarup et al.
2000
Graybeal
2010
Graybeal
2010
Graybeal
2010
Sayed et al
2011
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APPENDIX B VARIATION OF RESIDUAL AVERAGE BOND STRENGTH
WITH EMBEDDED LENGTH
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The variation of residual average bond strength with embedded length for Equations
[2.9], [2.10] and [2.11] are presented in this appendix.
6
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Figure B.1 - Variation of Residual ū with le for Equation [2.9]
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Figure B.2 - Variation of Residual ū with le for Equation [2.10]
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Figure B.3 - Variation of Residual ū with le for Equation [2.11]
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APPENDIX C SHEAR, DEVELOPMENT LENGTH AND DEFORMABILITY
REQUIREMENTS OF S6-06
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This appendix summarizes requirements in the Canadian Highway Bridge Design Code,
S6-06 (CSA 2006a) for designing FRP-reinforced concrete members to resist one-way
shear, have adequate development lengths and deformability at failure.
C.1 ONE WAY SHEAR
Shear failure is undesirable because, for a typical deck slab without transverse
reinforcement, the failure mode is brittle. Due to the lower Young’s Modulus of FR
bars, the shear resistance of FRP-reinforced panels is less than that of steel-reinforced
panels. The one-way shear resistance of a concrete slab reinforced with FRP flexural
reinforcement, Vc, according to Clause 16.8.7 of S6-06 (CSA 2006a) is

[C.1] Vc=2.5βφcfcrbvdlong

EFR
Es

where φc is the resistance factor of concrete; fcr is the cracking strength of concrete; dlong
is the effective shear depth of the longitudinal reinforcement, taken to be the greater of
0.72h or 0.9d; bv is the effective width of cross section within depth, dlong; EFRP is the
Young’s Modulus for the longitudinal FR reinforcement; Es is Young’s Modulus for
steel. The factor β accounts for the shear resistance of cracked concrete and is defined as
[C.2] β=

0.4

1300

1 1500ε

1000 sze

where ε is the strain in the longitudinal FR reinoforcement and sze is the crack spacing
parameter that accounts for the influence of aggregate size, both defined in S6-06 (CSA
2006a).
When shear reinforcement is provided, the one-way shear resistance of a section, Vr, is
given by
[C.3] Vr=Vc+Vst
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where Vst is the shear resistance of the stirrups determined according to Cl. 16.8.7 of S606 (CSA 2006a). For a one-way slab it is not preferable to use stirrups so design is based
on Vc>Vf.
C.2 DEVELOPMENT/SPLICE LENGTH IN PRECAST PANEL
Bond/anchorage failure in precast panels is also undesirable because it is brittle and can
be prevented by providing adequate splice lengths. Tests by Baena et al. (2009) and
Okelo and Yuan (2005) indicate that FRP bars have lower average bond strengths than
steel bars in Normal Strength Concrete (NSC). This is partly due to the lower Young’s
Modulus of FRP bars compared to steel bars as described in Chapter 3. The equation for
development length, ld, of GFRP bars in NSC according to Cl. 16.8.4.1 of S6-06 is (CSA
2006a)
[C.4] ld=

0.45k1 k4

E
dcs Ktr FR
Es

fFR u
fcr

Ab

where k1 is the bar location factor, taken as 1.0 since bars in bridge decks typically have
less than 300mm of fresh concrete cast below them; k4 is the bar surface factor, the ratio
of the bond strength of the FRP bar to that of a steel deformed bar with the same crosssectional area as the FRP bar, which may be taken as 0.8 in the absence of experimental
data; dcs is the the smaller of the distance from the closest concrete surface to the centre
of the bar being developed and two-thirds the centre-to-centre spacing of the bars being
developed; Ab is the area of reinforcing bar being developed. The parameter Ktr is the
transverse reinforcement index, and is defined as
[C.5] Ktr =0.45

tr fy

10.5sn

where Atr is the area of transverse reinforcement; fy is the yield strength of steel; s is the
maximum transverse reinforcement spacing within ld; n is the steel modular ratio, Es/Ec.
The constant 10.5 has units of MPa. In Equation [C.4], the term dcs + Ktr(EFRP/Es) shall
not be taken greater than 2.5db, where db is the diameter of the longitudinal
reinforcement. The splice length, ls, is required to be 1.3ld.
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C.3 DEFORMABILITY
The deformability requirement of S6-06 Cl. 16.8.2.1 ensures that flexural failure occurs
with at least some ductility. The overall performance factor, J, is required to be at least
4.0 for rectangular sections and 6.0 for T-sections. The factor J is given as
[C.6] J =

Mr Ψult
Mc Ψc

where Ψult is the curvature at Mr, Mc is the moment corresponding to an extreme-fiber
compressive concrete strain of 0.001 and Ψc is the curvature at Mc. As can be seen from
Equation [C.6], both strength and ductility are incorporated in the J factor.
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APPENDIX D EXTRAPOLATION OF AVERAGE BOND STRENGTHS
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This appendix presents figures that serve as bases for the equations given in Table 4.2 for
power curve extrapolated average bond strengths.
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Figure D.1 - Extrapolated Curves of Average Bond Strengths Obtained from RILEM
Beam Specimens for 16mm Diameter HM GFRP Sand-Coated Bars
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Figure D.2 - Comparison of Possible Extrapolated Average Bond Strengths in Figure D.1
with Lower Bound and Upper Bound Average Bond Strengths
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Figure D.3 - Extrapolated Curves of Average Bond Strengths Obtained from RILEM
Beam Specimens for 16mm Diameter LM GFRP Sand-Coated Bars
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Figure D.4 - Comparison of Possible Extrapolated Average Bond Strengths in Figure D.3
with Lower Bound and Upper Bound Average Bond Strengths
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Figure D.5 - Extrapolated Curves of Average Bond Strengths Obtained from RILEM
Beam Specimens for 19mm Diameter HM GFRP Sand-Coated Bars
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Figure D.6 - Comparison of Possible Extrapolated Average Bond Strengths from Figure
D.5 with Lower Bound and Upper Bound Average Bond Strengths
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Figure D.7 - Extrapolated Curves of Average Bond Strengths Obtained from RILEM
Beam Specimens for 19mm Diameter LM GFRP Sand-Coated Bars
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Figure D.8 - Comparison of Possible Extrapolated Average Bond Strengths from Figure
D.7 with Lower Bound and Upper Bound Average Bond Strengths
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APPENDIX E DESIGN OF TWO LANE BRIDGE DECK ACCORDING TO S606
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E.1 LONGITUDINAL MOMENT DUE TO LIVE LOAD (CL. 5.7.1.2.1.2)
Details of calculations for the bridge deck presented in Figure 4.7 is presented in this
Appendix. Except otherwise stated, all clauses and tables cited herein refer to the code or
commentary of S6-06 (CSA 2006). The overall design parameters are as follows:


Structure type (Cl. 5.1): Class C- Deck-on-girder



Highway Class (Cl. 1.5.2.2): Class A



Number of girders, N=4



Centre-to-centre spacing of girders, S=3m



Bridge deck overhang, Sc=1.525m



Deck width, Wc=12.05-2(0.525)=11m



Number of design lanes (Cl. 3.8.2), n=2 or 3



Modification factor for multi-lane loading (Cl. 3.8.4.2), RL= 0.9 for n=2; 0.8 for
n=3



Design lane width (Cl. 3.8.2), We = Wc/n=5.5m for n=2 and 3.67m for n=3

The longitudinal moment per girder due to live load, Mg is given as
[E.1] Mg=FmMg,avg
where Fm, the amplification factor that accounts for the ratio of the maximum
longitudinal moment intensity, Mg, to the average longitudinal moment intensity, Mg,avg is
given as
[E.2] Fm=

SN
F1

μCF
100

≥1.05

where μ is the lane width correction factor, given as
[E.3] μ=

We-3.3
0.6
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CF is the percentage correction factor and F is a width dimension that characterizes load
distribution for a bridge. The average longitudinal moment per girder due to live load,
Mg,avg, is computed as
[E.4] Mg,avg=

nMT RL
N

where MT is the governing live load moment per design lane. Both n=2 and n=3 will have
to be checked since any can govern the value of Mg.
μ=1.0 for n=2 and 0.62 for n=3
Table E.1 presents calculated Fm values for the end span and pier locations for positive
and negative applied live load moments. L-end and L+end are the effective lengths for
calculating Cf and F for negative and positive moments in the end span, respectively.
L-pier and L+pier are the corresponding effective lengths for the pier. Fm for exterior girders
is multiplied by 1.05 because Sc>0.5(S)=1.5m (Cl. 5.7.1.2.1.2). The bold values are the
governing Fm factors. They correspond to the positive moment for the end span and the
negative moment for the pier since the positive and negative live load moments govern
for these regions respectively.

Table E.1 - Amplification Factors (Fm) at Serviceability Limit States (SLS) and Ultimate
Limit States (ULS)

Exterior Girders
(n=2)
Interior Girder
(n=2)
Exterior Girders
(n=3)
Interior Girder
(n=3)

END SPAN
PIER
-ve Moment +ve Moment -ve Moment +ve Moment
Region
Region
Region
Region
L-end=30m
L+end=32m
L-pier=20m
L+pier=16m
Cf=10-25/L
9.17%
9.22%
8.75%
8.44%
F=6.8-3/L
6.70m
6.71m
6.65m
6.61m
Fm
1.72
1.75
1.72
1.74
F=7.2-14/L
6.73m
6.76m
6.50m
6.33m
Fm
1.63
1.75
1.63
1.70
F=8.7-4/L
8.57m
8.58m
8.50m
8.45m
Fm
1.39
1.42
1.39
1.41
F=9.6-21/L
8.90m
8.94m
8.55m
8.29m
Fm
1.28
1.38
1.27
1.33
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Dynamic Load Allowance (DLA) is taken to be 0.25 for more than 3 axles (Cl. 3.8.4.5.3)
From the moving load analysis, conducted using SAP2000,


For

positive

moment,

M+max=+3796kNm

due

to

truck

load,

so

MT=(1+DLA)M+max=+4745kNm


For negative moment, M-max=-3528kNm due to lane load, and because this
includes the DLA,
MT=M-max=-3528kNm

Table E.2 presents calculated Mg values.
Table E.2 – Live Load Moments Per Girder (Mg)

Exterior Girders (n=2)
Interior Girder (n=2)
Exterior Girders (n=3)
Interior Girder (n=3)

Fm
1.72
1.63
1.39
1.27

END SPAN
Mg (kNm)
3673
3480
3957
3616

Fm
1.74
1.70
1.41
1.33

PIER
Mg (kNm)
-2762
-2699
-2985
-2815

The larger and thus critical Mg values correspond to n=3.
E.2 TRANSVERSE MOMENTS DUE TO LIVE LOAD (CL. 5.7.1.7.1)
The transverse moment due to live load is
[E.5] M =

0.8 Se 0.6
10

where P is the maximum wheel load of the CL 625 Truck, 87.5kN, and Se is the effective
transverse span in meters, 3m. Thus M is 25.2kNm/m. The DLA effect due to only one
axle of CL-W truck (Cl. 3.8.4.5.3) is 0.40, so (1+DLA)M is 35.3kNm/m.
E.3 MAXIMUM TRANSVERSE MOMENTS AT EXTERIOR GIRDER, MY, DUE
TO UNFACTORED LIVE LOADS (TABLE 5.10)
The ratio of the thickness of the deck slab at the exterior edge of a bridge deck to the
thickness at the edge of the flange of the external girder, rt, is 1.0
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From Table 5.10, assuming a cast-in-place continuous barrier, M=34kNm/m, including
DLA of 0.40.
E.4 BARRIER WALL LOADING (TRANSVERSE LIVE LOADING @
EXTERIOR GIRDER FOR PERFORMANCE LEVEL 3) (TABLE 3.6, CL.
12.4.3.5, FIGURE 12.1, TABLE 12.8 AND CL. C5.7.1.6.3)
Figure E.1 shows the barrier and a section of the bridge deck that was analysed. Pt is the
transverse traffic load on the barrier and Pv is the vertical traffic load on the barrier. Point
E is the midheight of the deck slab at the center of the exterior longitudinal joint. Table
E.3 presents values used to determine the effects of live loads acting on the barrier wall.
The angle of load dispersion within barrier wall is θb, θd is the angle of load dispersion
with the bridge deck, θMI and θME are the angles of load dispersion for moment
calculation in the interior and end portion, respectively, of the barrier or deck and θTI and
θTE are the angles of load dispersion for tension calculation in interior and end portion,
respectively, of the barrier or deck.

200

Barrier Wall

Pv
Pt
230mm thick
Concrete Deck

90mm thick Asphalt
900

E

HE

I

VE
1525

VI
3000

Figure E.1 – Portion of Transverse Cross Section of Bridge Deck
(All Dimensions are in mm)
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Table E.3 – Parameters for Determining Live Load Effect of Barrier Wall Loading
Load
(kN)
210
90

Pt
Pv

Barrier Length Load
is Applied Over (m) θMI
2.40
42
12.0

θb
θME
48

θd
θTI θTE
3
0

-

θMI
47

θME
45

θTI θTE
10 0
-

Moment at E for Interior Portion of Deck
Length over which Pt is applied is
2.4 + (0.90 x 2tanθb)

(1.0 x 2tanθd) = 6.16m

v

ME= (1.525-0.2) +
12

t

(0.9 + 0.09 +

0.23

6.16

) = 47.6kNm/m

2

Tension at E for Interior Portion of Deck
2.4

(0.90 x 2tanθb)
t

TE=

(1.525 x 2tanθd) = 3.03m

=69.3kN/m

3.03

Moment at E for End Portion of Deck
Length over which Pt is applied is
2.4

0.90tanθb

(1.0tanθd) = 4.40m

v

ME= (1.525-0.2) +
12

t

(0.9 + 0.09 +

0.23

4.4

2

) = 62.7kNm/m

Tension at E for End Portion of Deck
2.4

0.90tanθb

TE=

t

1.525tanθd = 2.4m

=87.5kN/m

2.4

E.5 SUMMARY OF CRITICAL LOAD EFFECTS FOR SPLICE LENGTH
DETERMINATION
Table E.4 summarizes the critical load effects for determining splice lengths in the bridge
deck. Ma is the moment due to the self weight of asphalt, Md is the moment due to the
self weight of the deck, Mb is the moment due to the self weight of the barrier, ML is the
moment due to live load, Ms is the service moment, Mf is the factored moment, TL is the
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tension due to live load, Ts is the service tension and Tf is the factored tensile load.
Values used for subsequent design are shown in bold font.
Table E.4 – Summary of Critical Load Effects
Ma
Transverse -ve Moment at Interior
Girders (kNm/m)

1.9

Md Mb
5

Transverse -ve Moment (kNm/m) and
1.1 6.4
Tension (kN/m) at Exterior Girders
(End Portion)
Transverse -ve Moment (kNm/m) and
1.1 6.4
Tension (kN/m) at Exterior Girders
(Interior Portion)
Longitudinal –ve Moment Over Pier
acting on composite deck-girder cross- 1163 section (kNm)
Load factor at ULS
1.5 1.1

-

ML

Ms

35.3 42

Mf Ts=TL
68

-

Tf
-

13.4 62.7 83.6 130 87.5

149

13.4 47.6 68.5 104 69.3
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1008 2985 5156 7928
1.1

1.7

-

-

-

-

1.7

-

E.6 DESIGN OF TRANSVERSE JOINT OVER PIERS
Table E.5 presents the parameter values used in the design of the bridge deck joints. The
cover of both top and bottom faces of the deck slab is c, Fy is the yield strength of
structural steel, Es is the Young’s Modulus of steel, φ is the resistance factor for structural
steel, φs is the resistance factor for steel reinforcing bar, φc is the resistance factor for
concrete, φFRP is the resistance factor for GFRP, EFRP is the Young’s Modulus of the
GFRP bar, fFRPu is the minimum guaranteed tensile strength of the GFRP bar, Ab is the
area of the reinforcing bar, b is the steel flange width, t is the steel flange thickness, h is
height of the web or the depth of concrete slab, w is the thickness of the steel web and εcu
is the ultimate compressive strain of concrete.
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Table E.5 – Parameters for Joint Design
Parameter
c (mm)
fc'(MPa)
φ
φs
Ab (16mm HM) (mm2)
EFRP (16mm HM) (MPa)
fFRPu (16mm HM) (MPa)
b (top flange) (mm)
b (bottom flange) (mm)
h (web) (mm)
Ec
h (concrete slab) (mm)

Value
35
40
0.95
0.9
198
62600
1184
550
600
1450
4500fc'0.5
230

Parameter
Fy (MPa)
Es (MPa)
φc
φFRP
Ab (16mm HM) (mm2)
EFRP (16mm HM) (MPa)
fFRPu (16mm HM) (MPa)
t (top flange) (mm)
t (bottom flange) (mm)
w (web) (mm)
εcu

E.6.1 Flexural Ultimate Capacity and Stress Check
Steel Section Classification Based on Susceptibility to Local Buckling
Top Flange
b
2t

= 5.0 <

145
Fy

=7.75. Top flange is Class 1.

Bottom Flange
b
2t

= 5.0 <

145
Fy

=7.75. Bottom flange is Class 1.

Web
h
w

=90.63 <

1700
Fy

=90.86. Web is Class 2.

Section is therefore Class 2.

Value
350
200000
0.75
0.5
285
64700
1105
55
60
16
0.0035
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The modular ratio of steel to FRP, nFRP, defined as Es/EFRP is 3.19 and 3.09 for 16 and
19mm diameter bars, respectively. The steel equivalent area of an FRP bar, AFRPeq,
defined as AFRP/nFRP is therefore 62.1 and 92.9mm2 for 16 and 19mm diameter bars,
respectively.
Top longitudinal reinforcement of 19mm@120mm spacing and bottom longitudinal
reinforcement of 16mm@300mm spacing are assumed.
The transformed second moment of area of the cracked cross-section, It, and neutral axis
depth, y, are determined using Table E.6. Ai is area, yi is the distance from the bottom
face of the bottom steel flange and Io is the second moment of area of a given area about
its own axis.
Table E.6 - Tabular Solution for y and It
Ai

It =

i yi
i

i yi

Ayi2

Ayi

2

6

(mm )

(mm)

(10 mm )

Top FRP

2305

1750

4.0

0.71

89

Bottom FRP

621

1608

1.0

0.16

7.3

Top Flange

30250

1538

47

7.2

7.6

Web

23200

785

18

1.4

4065

Bottom Flange

36000

30

1.1

0.0032

11

71

9.5

4179

92376

6

3

Io

10

=

y=

yi

(10 mm4) (10 mm4)

= 767mm
2

Io - y Ai = 4.4x1010mm4

The yield moment, My, is determined based on the elastic stress distribution in Figure 4.8
by taking moments of the product of stresses and corresponding areas about the neutral
axis. This yields the equation
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[E.6] My = [0.72 x60x600x(707+30) + 0.5x0.06 x60x600x(707+40)] +
2

2

[0.5x0.72 x707x16x 3x707)] + [0.5x0.76 x743x16x 3x743)] +
[0.76 x55x550x(743+27.5) + 0.5x0.05 x55x550x(743+37)] +
[0.81 x10x62.1x(841)] + [ x25x92.2x(983.5)]
Yielding is initiated at the extreme fiber of the top steel flange. Thus at yield,
0.81 =350MPa and

=432MPa. Inserting

=432MPa into Equation [E.6], we obtain

My = 19470kNm and applying suitable resistance factors for the steel and FRP,
Mry=17900kNm. This is much greater than Mf, so the response at factored loads can be
assumed to be linear elastic. Therefore:
yMf



Top FRP bar stress, fFRP =



Top Steel flange stress =



Bottom Steel flange stress =

It nFR

yMf
It

= 57.3MPa

= 144MPa
yMf
It

= 138MPa

where y is the vertical distance from the neutral axis to a given point on the cross section.
The top steel flange stress is the critical steel stress since it is greater than that of the
bottom flange. A similar procedure to determine the top steel stress due to the self-weight
of the deck and the bare steel yields a top steel flange stress of 103MPa.
The total top steel flange stress due to factored loads is thus
144 + 103 = 247MPa < φFy=333MPa.
The cracking moment of the section, Mcr, is given as
[E.7] Mcr = fcr

It

yt

where fcr is the cracking stress given as 0.4√fc’, yt is the distance from the neutral axis to
the extreme fiber of the concrete deck. Using Equation [E.7], Mcr = 113kNm
Mry(=17900kNm) > > 1.5Mcr(= 170kNm). Section is OK.
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E.6.2 Maximum Allowable FRP Stress
According to Cl. 16.8.3, the maximum FRP stress at SLS should be less than FSLSfFRPu
where FSLS=0.25 for GFRP reinforcement.
FSLSfFRPu = 0.25x1105 = 276MPa for the critical 19mm top HM bars
The maximum FRP stress at ULS < FSLSfFRPu i.e. 57.3MPa < 276MPa
Therefore Maximum FRP stress at SLS < FSLSfFRPu
E.6.3 Crack Control Reinforcement
εFRP at ULS > εFRP at SLS
εFRP at ULS for critical top FRP bar =

fFR
EFR

= 0.0009<0.0015

Therefore εFRP at SLS < 0.0015.
Crack width requirements of Cl. 16.8.2.3 are therefore satisfied.
E.6.4 Reliability Based Splice Length Determination
Table E.7 presents the load effects and parameters required to determine the splice
lengths.
The nominal GFRP bar stresses due to Load Type i, fFR i , is determined as:
[E.8]

fFR i =

Mn i
45060xnFR

where Mni is the nominal moment due to Load Type i. Equation [E.8] is obtained from
Equation [E.6] by replacing My with Mni and deleting the resistance factors. The standard
deviation is σ and v is the coefficient of variation; S,

S

and vS are the mean total bar

force and standard deviation and coefficient of variation due to the bar force respectively.
The equations and parameter values used in determining these values are presented in
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Section 4.5.1 of the main thesis body. A simplified live load analysis was assumed in
choosing the bias coefficient due to analysis of the live,

AL.

No dynamic load allowance

(DLA) was considered in the analysis since the lane load, the governing live load for this
joint, includes DLA.

Table E.7 - Load Effects and Statistical Parameters for Splice Length Determination
(Transverse Joints)
fFR
Barrier
Asphalt
Live load

(MPa) Mean bar force (N)
7.25
2128
8.35
2451
21.4
7330
S=11909N
i

v
0.11
0.31
0.13

234
760
953
S=1241N vS=0.104

.
For a target reliability index, βT of 4.0 and coefficient of variation of bond resistance, vR,
of 0.06, the mean bond resistance, R = 19251N is obtained from Equation [4.26]. From
Equation [4.27],
R

[4.27a] lsū = d = 322.5MPamm
b
where ls is the splice length, ū is the average bond strength and db is the bar diameter.
From Equation [4.17], ū=17.2MPa and ls=19mm.
From Equation [4.28], the bond resistance factor, φb=0.84
E.7 DESIGN OF LONGITUDINAL JOINTS OVER INTERIOR GIRDERS
Assume top transverse HM reinforcement of 19mm@100mm spacing.
The effective depth d is
[E.9]

d = h – c - 1.5db

Therefore, d=167mm. For fc’=40M a,
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α1= 0.85-0.0015fc’=0.79
β1=0.97-0.0025fc’=0.87
From Equation [4.1], ρFRP=0.0171
E.7.1 Maximum Allowable Stresses and Crack Width Check (Ms=42kNm/m)
The service stress in an FRP bar due to a service moment M and a Tension T is
[E.10] fFR =

where

FR T

Ms
k
FR d[1-3]

T

+

FR T

is the total bar area in a given cross section and k is the neutral axis depth

for an elastic-cracked cross section given by Equation [E.11]
[E.11] k= 2ρFR nF (ρFR nF )2 -ρFR nF
where nF is the modular ratio of FRP to concrete, EFRP/Ec.
k= 2x0.0171x2.27 (0.0171x2.27)2 -0.0171x2.27 = 0.243

fFR =

εFRP =

0.243
[1]
3

276
64700

+

0
FR T

= 96MPa<FSLSfFRPu = 276MPa. OK! Cl. 16.8.3 satisfied.

= 0.00148<0.0015. Crack width requirement of Cl. 16.8.2.3 satisfied.

E.7.2 Flexural Requirements
From Equation [4.8], the cracking moment, Mcr, is

Mcr =

2fcr Ig
h

=

2x2.53 1000x2303
230

12

= 22.3kN/m

where Ig is the second moment of area (uncracked section) of the gross , given as bh3/12.
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For a cross-section with an applied factored moment, Mf and factored tension, Tf, the
neutral axis depth, c is
[E.12] c =

φFR

εFR EFR
α1 φc fc β1 b
FR

-

Tf
α1 φc fc β1 b

Considering a linear stress strain relation in an FRP-reinforced cross section gives
[E.13]

c=

c
0.0035

=

d
0.0035 εFR

0.5x2850εFR x64700

0

-

0.79x0.75x40x0.87x1000 0.79x0.75x40x0.87x1000

= 4471.5εFRP

Substituting c into [E.13] and simplifying gives
[E.14] 4471.5εFRP2

15.65εFRP – 0.5845 = 0

εFRP = 0.0098; fFRP = EFRPεFRP = 634.1MPa < 1105MPa. Concrete Crushing therefore
governs.
The neutral axis depth, c is 43.8mm; depth of concrete compressive stress block, a(=β1c)
is 38.1mm.
From Equation 4.6, the factored moment of resistance, Mr, is given as
a

Mr =φcα1fc’ba(d- )
2

38.1

Mr = 0.75x0.79x40x1000x38.1(167Mr>1.5Mcr = 33.45kNm/m. OK
E.7.3 Deformability
Ψc =

εc
kd

=

0.001
40.58

= 0.0245/m

2

) = 133.6kNm/m>Mf = 68kNm/m. OK
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Ψult =

εcu
c

=

0.0035
43.82

= 0.0799/m
kd

[E.15] Mc = EFRPεFRPAFRP(d- )
3

Mc = 64700x0.0031x2850(167-

40.58
3

) =87.7kNm/m

From Equation [C.6],
J=

133.6x0.0799
87.7x0.0245

= 4.97>4.0

Note: A reinforcement of 19mm@200mm spacing satisfies flexural requirements but
does not satisfy crack width requirements. Crack width requirements therefore govern
this design.
E.7.4 Reliability Based Splice Length Determination
Table E.8 presents the load effects and statistical parameters required to determine the
splice length.
The nominal GFRP bar stresses due to Load Type i, fFR i , is determined using Equation
[E.10] by replacing fFRP with fFR i and Ms with Mni . The equations and parameter values
used in determining these values are presented in Section 4.5.1 of this thesis. The
simplified live load analysis was assumed to select the bias coefficient due to analysis of
the live load, δAL. Dynamic load allowance (DLA) was considered in the analysis since
the truck load, not the lane load, governs the live load moment for this joint.

Table E.8 - Load Effects and Statistical Parameters for Splice Length Determination
(Longitudinal Joints over Interior Girders)
fFR
Precast deck
Asphalt
Live Load

(MPa) Mean bar force (N)
11.4
3346
4.3
1263
57.6
22648
S=27257N
i

368
392
3722
S=3761N

v
0.11
0.31
0.16
vS=0.14
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For a target reliability index, βT, of 4.0 and coefficient of variation of bond resistance,
vR,of 0.06, the mean bond resistance, R = 50128N is obtained from Equation [4.26].
Following a similar procedure in Section E.6.4, we obtain ū=14.9MPa, le=56mm and
φb=0.89.
E.8 SPLICE LENGTH FOR LONGITUDINAL JOINTS OVER EXTERIOR
GIRDERS
A similar procedure is followed in determining the splice lengths for the longitudinal
joints over the exterior girders as was done for the longitudinal joints over the interior
girders. Both the bridge deck at the end portion of the barrier and the interior portion of
the barrier were designed. Results obtained in the calculations are presented in Table E.9.
It can be observed that the bar stresses are greater in the bars near the interior portion of
the barrier than at the end portion of the barrier. The splice lengths were therefore
determined based on the stresses in the bar near the interior portion of the barrier.
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Table E.9 - Design Calculations for Longitudinal Joints over Exterior Girders
End Portion of Barrier
Value
Code Check
Top Reinforcement
2-19mm @100mm
Bottom Reinforcement 16mm @ 250mm
ρFRP
0.034
k
0.323
fFRP (SLS) (MPa)
112
fFRP<FSLSfFRPu=296MPa OK
εFRP (SLS)
0.00173
εFRP>0.0015. Check wcr
wcr (mm)
0.34
wcr<0.5mm. OK
fFRP (ULS) (MPa)

454

εFRP (ULS)
c (mm)
a (mm)
Mr (kNm/m)

0.007
55.6
48.4
171

ψc (1/m)
ψult (1/m)
Mc (kNm/m)
J

0.019
0.063
107
5.27

fFRP<fFRPu=1105MPa, Concrete
Crushing governs
Mr>Mf=130kNm/m OK
33.5kNm/m<1.5Mcr<Mr OK
J>4.0 OK

Interior Portion of Barrier
Value
Code Check
19mm @100mm
16mm @ 250mm
0.017
0.242
176
fFRP<FSLSfFRPu=296MPa OK
0.0027
εFRP>0.0015. Check wcr
0.52
wcr≈0.5mm. ccept
686
0.0106
41.7
36.3
134
0.0247
0.0839
79
5.76

fFRP<fFRPu=1105MPa, Concrete
Crushing governs
Mr>Mf=104.3kNm/m OK
33.5kNm/m<1.5Mcr<Mr OK
J>4.0 OK
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E.8.1 Reliability Based Splice Length Determination
Table E.10 presents the load effects and statistical parameters required to determine the
splice lengths.
A rigorous live load analysis was assumed to choose the bias coefficient due to analysis
of the live load, δAL.

Table E.10 - Load Effects and Statistical Parameters (Longitudinal Joints over Exterior
Girders)
fFR
Precast deck
Barrier wall
Asphalt
Live load

(MPa) Mean bar force (N)
14.6
4286
30.6
8983
2.5
734
128
46010
S=60012N
i

v
0.11
0.11
0.31
0.08

471
988
228
3681
S=3847N vS=0.061

.
For a target reliability index, βT, of 4.0 and coefficient of variation of bond resistance, vR,
of 0.06, the mean bond resistance, R = 84120N is obtained from Equation [4.26].
Following a similar procedure in Section E.6.4 we obtain ū=13.7MPa, le=103mm and
φb=0.91.
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